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ABSTRACT 
 
Soil salinity (due to ingress of excess amounts of dissolved salts in soil pores) and soil 
sodicity (due to excess amounts of sodium ions attached to the clay surface) are 
significant forms of land degradation in many parts of the world in particular in arid and 
semi arid regions. In Australia, soil salinity has long been identified as the major form of 
land degradation and the greatest environmental threat. Saline soils cover almost 6% of 
Australia’s land mass and impose severe threats on agricultural productivity and built 
infrastructure with an estimated annual loss of $250 million. In recent years, ‘soil 
sodicity’ is recognised as a far more significant form of land degradation and a severe 
environmental problem both in terms of affected land area and impact on the 
environment than is salinity as a problem in Australia.  One third of Australian land mass 
is occupied by sodic soils costing an estimated $2 billion each year in lost production 
alone, with further significant impacts on the economy due to extensive damage to 
infrastructure facilities and the environment.  
 
In this project, an in situ soil treatment technique using electrokinetics (EK) was tested 
with the aim of identifying the potential of this approach to modify and improve 
engineering properties of salt affected soils. Such improvements might be advantageous 
in reclaiming and improving these soils for infrastructure management and development. 
Experiments were conducted in the laboratory using two soils, a clay and a silty loam, 
collected from two salt affected regions in central Victoria, Australia. A layer of soil 
(approximately 12 cm thick) was placed in glass tanks (90 cm × 18 cm plan area) and 
compacted to a known density and water content typical of field conditions. Using 
electrodes inserted into the soil, a direct current was passed across the soil under 
various voltage gradients of 0.5, 1.0 and 2.0 V/cm for periods of 3, 7, 14, 20, 45 and 60 
days. In separate experiments, water and saturated lime solution (CaO dissolved in 
distilled water) were introduced to the soil via the hollow core anode from external 
reservoirs. After electrokinetic processing, soil specimens between the electrodes were 
tested to identify the electrokinetic effects on the soil physical properties such as 
consistency limits, volume change characteristics, compressive strength, stress-strain 
characteristics, hydraulic conductivity and consolidation properties that are important in 
infrastructure construction and management. The effectiveness of sodium removal from 
salt affected soils using electrokinetics was also studied with the changes in soil sodicity 
and salinity analysed in terms of the Sodium Absorption Ratio (SAR) and the 
Exchangeable Sodium Percentage (ESP).  
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The analysis of test results revealed that with electrokinetic processing, a complex 
combination of electrokinetic, chemical, geochemical, hydraulic and dynamic processes 
is developed within the soil porous media. These processes together with continuous 
changes in concentration, hydraulic and electrical (CHE) gradients lead to significant 
modifications in the system chemistry of the soil porous media and soil mineralogical 
and micro structural properties such as cation exchange capacity (CEC), diffused double 
layer (DDL) chemistry, structure and fabric. With the changes of system chemistry, 
varying but considerable amounts of sodium ions migrate towards the cathode electrode 
resulting more than 90% removal of sodium ions at some locations between the 
electrodes. Both ESP and SAR decreased significantly across the soil leading to 
reclassification of the soils from extreme sodicity to very low to negligible sodicity. The 
soil physical properties were also noticeably changed at different rates at various 
locations between electrodes. Under certain voltage gradients and treatment durations, 
soils transformed from extremely to high reactive status to a slightly or almost non 
reactive status. Significant increases in soil compressive strength, generally from 30% at 
lower voltage gradients and shorter treatment durations to greater than 200% at higher 
voltage gradients and longer treatments durations are resulted with EK treatment alone. 
With lime enhanced EK treatment, greater than 300% stress increases are resulted at 
some locations between the electrodes under certain voltage gradients and treatment 
durations. Increase in soil workability, decrease in plasticity and somewhat inconclusive 
modifications in hydraulic conductivity are also noted. It is also revealed that EK 
treatment could transform a normally consolidated clay to an over consolidated clay 
confirming that these modifications are generally irreversible.  
 
It is identified that rate and efficiency of sodium removal as well as the changes in soil 
engineering properties are dependent on many factors and are closely related to soil 
characteristics (including water content, degree of saturation, ionic strength, activity, 
buffering capacity, hydraulic conductivity, electrical conductivity), contaminant type and 
characteristics (including diffusion coefficient, concentration, solubility, mobility, sorption 
affinity capacity), voltage gradient, processing duration and spacing between electrode. 
It is revealed that optimum outcomes would be achieved under optimal voltage gradients 
and time durations, at which development of system complications would be minimal. 
 
These preliminary laboratory results suggest that with further pilot and field scale 
research there is a potential of developing this technique to deal with salt affected soils 
more effectively and efficiently, in particular in the remediation of salt affected land for 
infrastructure development and management.    
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
 
1.0 BACKGROUND TO THE RESEARCH 
 
Land degradation due to soil contamination has been a widespread consequence of the 
rapid industrialization processes across the world during last two centuries. Many 
industrial, commercial and agricultural practices continue to place large volumes of soil 
and land areas under the threat of soil contamination. Apart from the most obvious and 
direct soil contamination processes such as land filling of wastes, non-engineered waste 
disposal, accidental spills of hazardous materials, mining and mineral processing 
activities etc, the excessive clearing of deep rooted native vegetation leading to soil 
salinisation is also identified as a significant and worsening form of land degradation in 
many parts of the world (Mitsuya, et al., 2005) in particular in arid and semi arid regions 
(Akhter, 2003; Akhter, et al., 2003; Bresler, et al., 1982), including Australia.  
 
The consequences of soil contamination can be serious for humans and the 
environment, can detract from land value and can inhibit the viable re-use of land 
(Rivett, et al., 2002) as a result of land degradation due to adverse modifications to soil 
physicochemical properties. Remediation of contaminated land and restoration of soil 
physicochemical properties is therefore an environmental issue of worldwide 
significance (Ravera, et al., 2006) and a major challenge ahead of geo-
environmentalists (Alshawabkeh, 2001). In situ remediation of contaminated lands 
containing clay soils can be even a greater challenge, particularly due to low 
permeability of clays soils and complexity of clay microstructure (Alshawabkeh, 2001; 
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Reddy & Shirani, 1997) both associated with the mineralogical characteristics of clay. 
Soil being the natural geo material supporting the plant growth and providing  foundation 
and base for infrastructure, in situ remediation of contaminated soil and restoration of 
soil physicochemical properties is important both in terms of improving agricultural 
productivity as well as managing infrastructure. 
 
In Australia, soil salinity and accumulation of undesirable amounts water soluble salts 
(electrolytes) within the soil porous media is considered as a major form of land 
degradation and a significant environmental threat (Salt Force, 1998) while in recent 
years, ‘soil sodicity’ and accumulation of excess amount of sodium ions in the soil is 
identified as a far more significant form of land degradation and a severe environmental 
problem both in terms of affected land area and impact on the environment than the 
salinity as a problem in Australia (Rengasamy & Waters, 1994; Sarre, 2001).   
 
Studies have shown that soil salinity imposes severe threats on agricultural productivity 
as well as on built structures. The Department of Natural Resources and Environment 
(DNRE, 2002) envisioned that land degradation due to salinisation could pose serious 
threats to the future prosperity of the country’s economic, environmental and social 
wellbeing. Recent research by the Land and Water Resources Research and 
Development Corporation (LWRRDC, 2005) has predicted that up to a million hectares 
in the Murray-Darling Basin could be affected by dryland salinity by 2010 whilst NLWRA 
(2000), estimates the spread of dryland salinity in Australia from the 5.7 million ha in the 
year 2000 (almost 6% of Australia’s land mass) to as much as 17 million ha in 2050 if 
effective controls are not implemented. The Audit's estimates also suggest that over this 
period 20,000 km of streams may be affected by salinity, 52,000 km of road will be at 
risk of salinity damage and more than 20 towns are expected to suffer infrastructure 
damage. There are also likely to be many other towns where the current problems are 
less well known, or that are likely to develop serious problems in future years (Wilson, 
2003). 
 
Soil salinity can cause adverse impacts on both public and private infrastructure in urban 
and rural landscapes including roads and bridges, buildings, steel structures and 
stormwater and sewerage systems. These adverse impacts are either linked to the 
volumetric changes in the clay soil (shrinkage and swelling) where these soil volumetric 
changes are transmitted to the structural components of the buildings, roads etc, leading 
to severe structural damages in the form of cracking of walls of the buildings, ‘heaving’ 
of the road surfaces, followed by cracking of the bitumen surface and  complete break-
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up of the road (Geo-Enviro, 2001 and Hamilton, 1995 & Wooldridge, 1998, cited by 
Wilson, 2003) or due to the growth of salt crystals within the confined spaces of building 
materials causing deterioration of many building materials such as brick, stone, cement, 
and concrete and corrosion of cast iron, brass, copper and galvanised iron elements 
(Wilson, 2003). According to the Prime Minister’s Science, Engineering and Innovation 
Council report (PMSEIC, 1998), the estimated annual loss of agricultural productivity 
due to dryland salinity is about $130 million while the overall cost is estimated at $250 
million which include water quality, built infrastructure and environmental damage with a 
significant direct economic impact. 
Sodic soils covers almost one third (30%) of the Australian land mass costing $2 billion 
each year in lost production alone (Sarre, 2001) with significant impact on the Australia’s 
economy. When the saline groundwater table falls, these land areas are subjected to 
sodic soil conditions as the majority of chloride ions washes away leaving sodium ions 
attached to the clay soil particles.  
The interaction between exchangeable sodium ions in the soil solution and the 
exchange phase (diffuse double layer) of the clay minerals leads to variations in the 
physical properties of the soil due to effects on clay structure and clay mineralogy. Such 
variations in the clay structure can cause poor water infiltration, permeability 
deterioration, surface crusting, erosion, water logging and variations in the soil strength 
posing significant threats for agricultural productivity (Oster & Shainberg, 2001; 
Patterson, 1996; Pearson, 2003; Rengasamy & Bourne, undated; Rengasamy & 
Olsson, 1991). With these changes and modifications in the soil structure, the long term 
satisfactory performance of infrastructure founded on these soils are also subjected to 
significant adverse effects.  
 
Current technologies to deal with salinity rely upon pumping or collection of saline water, 
concentrating it and extracting the salt by evaporation, or simply disposing of it in a lake 
or to the ocean (Rengasamy, 2006; Rengasamy, et al., 2003). Practices such as 
pumping out of saline water may lead to severe geotechnical consequences such as soil 
collapsing, long term sub soil consolidation processes and adverse effects on hydrologic 
balance of the area. On the other hand, when the salinity problem is addressed by 
lowering the groundwater table, then the destructive effects of sodic soil conditions start 
may start to appear. Mixing of surface soil with lime is a common treatment method of 
sodic soils. However, the practicability of lime mixing is limited only to a thin layer of the 
surface soil and therefore can be costly and less effective. It is also known that the 
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conventional soil remediation methods, including in situ bioremediation and in situ 
chemical treatment are generally costly, time consuming and less effective (Reddy & 
Shirani, 1997). At present, in Australia, the only feasible strategy to combat the 
detrimental effects of salinity and sodicity on infrastructure appears to be living with and 
adapting to it by using of higher grade construction materials and more extensive 
construction practices (McRobert, et al., 2003).  
 
Obviously, in view of the high cost of the land, limited resources and the fact that 
contamination can occur in densely populated areas occupying prime lands, there is a 
great need of development of more effective, less costly and rapid remediation 
technologies (Hamed, et al., 1991; Wilson & Clarke, 1994). In Australia there is a 
national interest and urge for innovative, efficient and effective technologies to 
combating soil salinisation and remediate and rehabilitate these sites in-situ while, in 
general, remediation of contaminated land and groundwater has become an 
environmental issue of worldwide significance. 
   
The use of electrokinetic (EK) treatments, also known as electrochemical treatment, 
electrochemical restoration, electroremediation, electrokinetic soil processing, etc, to 
remediate contaminated land is a comparatively new methodology that is being 
researched in many parts of the world as a viable in situ soil remediation and treatment 
method (eg. Acar, et al., 1994; Kim, et al., 2001; Pamukcu, 1997; Pamukcu & Wittle, 
1992; Shariatmadari, et al., 2001). The principles of electrokinetics involve applying a 
low direct current or a low potential gradient to electrodes that are inserted in the soil. 
The passing of an electric current causes charged species present in the soil solution to 
migrate towards an oppositely charged electrode. The transportation of charged species 
across the soil involves several mechanisms such as electroosmosis (migration of water 
through the capillary network of soil particles under the influence of an electric field), 
electromigration (transport of charged chemical species under an electrical gradient) 
and electrophoresis (movement of charged particles under an electric field). The 
migrated species can then be removed by one of several different methods such as 
electroplating, adsorption onto the electrode, precipitation and co-precipitation at the 
electrode or pumping near the electrode (Pamukcu, et al., 1997). Using the same 
fundamental phenomena of moving charged species across the soil under an electrical 
gradient, this technique can also be used to introduce desirable chemical compounds 
such as lime to the soil by introducing them at the appropriate electrode. The combined 
effect of these processes alters the chemical composition of the medium and thereby 
changes the physicochemical properties of the soil.  
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There are examples dating back to the 1930’s detailing the use of electrokinetics to 
improve engineering characteristics of soil, for example to dewater and stabilize, to 
expedite the process of consolidation and to improve the shear strength (Casagrande, 
1951). Some of the subsequent documented evidences include, improving stability of 
excavations (Chappell & Burton, 1975); backfill strengthening and slope stabilization 
(Chappell & Huggins, 1998), acceleration of consolidation (Bergado, et al., 2000; Ewers, 
et al., 2002; Johnston & Butterfield, 1977), improvement of physical properties of an 
expansive soil (Abdullah & Al-Abadi, 2005) and the treatment of dispersive soils 
(Jayasekera & Hall, 2005; Jayasekera, et al., 2004; Sadrekarimi, 2005; Sadrekarimi & 
Sadrekarimi, 2003).  
 
Electrokinetics has also been investigated for the potential application to remove various 
contaminants from soils. Several laboratory experiments and some field scale pilot 
studies have demonstrated promising removal efficiencies of various chemical species 
from clay soils, typically of low salinity (i.e. salt content in the pore water below 2g 
NaCl/l)  (Acar & Alshawabkeh, 1996; Acar, et al., 1994; Hamed, et al., 1991; Lageman, 
1993; Lageman, et al., 1990; Pamukcu & Wittle, 1992; Reddy & Saichek, 2004; Reddy & 
Shirani, 1997; Shariatmadari, et al., 2001) and have proved the versatility and 
effectiveness of this technique in practice as a viable in-situ soil remediation and 
treatment method. However, the majority of these studies are focused on removal of 
heavy metals such as arsenic, zinc, lead, copper etc. This may be due to the greater 
understanding of their toxicological importance in ecosystems and for human health, 
and their readily response to the technique. Limited numbers of studies suggest the 
potential of this technique to treat saline - sodic soils (high salinity soils with salt content 
in the pore water greater than 2g NaCl/l). These investigations include the field scale 
desalinisation work by J.P. Collopy in 1958 (cited by Lageman et al., 1990) and more 
recent laboratory studies on dispersive (sodic) soils by Jayasekera & Hall, (2005); 
Jayasekera, et al., (2004); Sadrekarimi, (2005) and Sadrekarimi & Sadrekarimi, (2003), 
and soils contaminated with salts or salt ions (Pamukcu, 1997; Pamukcu, et al., 1997). 
However, only very limited studies have appraised the effects of electrokinetic 
treatments on the engineering properties of the EK treated soils. Such information would 
be of particular interest in the improvement of salt affected lands for infrastructure 
development or in mitigating the effect of salinity and sodicity on existing infrastructure. 
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The aim of this research project is to investigate the potential of electrokinetic soil 
treatment techniques to in situ remediate salt and sodium affected (saline - sodic) soils 
and to study the consequent effects on some important soil physical properties and 
related chemical properties.   
 
1.1 PROBLEM STATEMENT 
 
As discussed in the preceding section, electrokinetic soil treatment is a promising soil 
remediation technique that is being practised successfully in some parts of the world. 
However, research and development work addressing a broad spectrum and attributes 
such as different soil types, contaminant types are still progressing due to the complex 
chemical, geochemical, electrochemical interactions between soils and contaminants 
that are difficult to predict and model. The understanding of complex microstructural 
behaviour of different clay mineral groups and chemical species under coupled 
chemical, hydraulic and electrical gradients is limited. Similarly, a solid theoretical 
understanding based on experimental investigations and evidences is still not in 
existence. As such, there is strong need for the field and laboratory experiments to be 
extended to include a variety of contaminant species and different soil types which 
would help in the development of electrokinetic treatments as a viable soil remediation 
method.  
 
The primary research question this project seeks to address is; 
 
How do salt affected soils respond to electrokinetic (EK) treatments? 
 
In answering this primary research question, answers will be sought to a number of 
detailed secondary questions. These secondary questions are; 
(i) What are the electrokinetic, hydraulic and dynamic processes that take place 
within the soil - liquid medium that could influence the rate of migration of ionic 
species in porous media and modification of soil engineering properties?  
(ii) What is the rate of flow and removal efficiency of salts through selected soils when 
subjected to varying chemical, hydraulic and electric (CHE) gradients? 
(iii) What are the resulting changes in the physical and related chemical properties of 
the soils when subjected to electrokinetic processing over a period of time under 
the coupled CHE gradient? 
(iv) What are the factors affecting overall progression of EK treatment of salt affected 
soils?  
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By answering these questions it is anticipated that reasonable relationships could be 
developed to demonstrate the effects of electrokinetic processing on physical and 
chemical characteristics of salt affected low permeable clay soils. 
 
1.2 RESEARCH APPROACH 
 
The experimental work of this research program is carried out on two different types of 
soils collected from two salt affected areas (farmlands) in the Ballarat region, Central 
Victoria, Australia. Investigations are carried out at laboratory scale to identify the effects 
of electrokinetic processing on physical and chemical characteristics of the salt affected 
soils and to investigate the potential application of this technique as a viable in situ soil 
remediation (treatment) method in particular to improve soil physical properties. The soil 
samples are initially analysed for their chemical, mineralogical and physical composition 
and characteristics. A layer of soil (approximately 12 cm thick) is then placed in specially 
fabricated glass test tank (90 cm x 18 cm plan area) to represent field density and 
moisture content. Two mild steel tubes (25mm diameter, hollow, with holes drilled 
through the walls of the tube to allow the liquids to move freely) are placed 70 cm apart 
at both ends of the tank to serve as electrodes. In separate experiments, water and 
saturated lime solution (CaO dissolved in distilled water) are introduced to the soil via 
the hollow core anode from external reservoirs. Soils are then subjected to direct 
currents (d.c.) via the electrodes connected to a continuous supply of a d.c. power. 
Experiments are repeated for each soil type with varying voltage gradients and test 
durations so that soils are subjected to a combined effect of chemical, hydraulic and 
electrical (CHE) gradients. After the required EK processing time period, soil specimens 
are collected at various locations between the electrodes and are analysed for their 
chemical, physical and mineralogical properties after the electrokinetic processing. The 
experimental data is evaluated to understand the behaviour of soils under a coupled 
hydraulic, electrical and chemical gradient and the effect of electrokinetic processes on 
soil physical and chemical properties. 
 
1.3 KEY ASSUMPTIONS AND DELIMITATIONS  
 
The investigation program of this study is completely laboratory based and as such 
experiments have been conducted under certain laboratory conditions. Therefore the 
experimental results reported in this thesis could be expected to be valid only under 
those conditions. Experiments are limited to two soil types with specific mineralogical, 
chemical and physical compositions and characteristics and thus the interpretations and 
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conclusions may only be applicable to the soils with similar characteristics. The entire 
volume of soil used from each soil type for laboratory investigations is considered to 
have generally homogeneous physical and chemical compositions and characteristics. 
There are few other significant assumptions made during the designing of experimental 
program, in order to achieve the objectives of this study. These are discussed in detail in 
relevant sections and they need to be considered carefully in interpreting the findings of 
this research.   
 
1.4 OUTLINE OF THE THESIS 
 
Chapter 1 of this thesis (the present chapter) is the introductory chapter where a brief 
introduction to the research area is given. This chapter includes a gradual focusing on 
the research area, the aim of the research and specific research questions addressed 
through this study. It is also attempted to include sufficient justification for the research 
as well as key assumptions and delimitations of this study. 
 
The background to the study and the literature review is compiled in two chapters 
Chapter 2 and Chapter 3.  Chapter 2 contains a discussion on some mineralogical and 
physical properties of clay soils and basic theories of chemical, hydraulic and electrical 
conduction phenomena of clay soils. This is followed by a discussion on the processes 
of soil salinisation and sodification, characteristics of saline and sodic soils and their 
effects on soil engineering properties and the detrimental effects of salinity and sodicity 
on built infrastructure and the environment.  
 
Chapter 3 provides an introduction to electrokinetics as a soil treatment/ remediation 
technique and a review of the basic theory. 
 
Chapter 4 outlines the materials and methods used to investigate the research 
questions in this study. Some of the experiments that were developed and / or modified 
from previous studies and successfully used in this study are discussed in some detail. 
The method of sample selection and processing are also described in this chapter.   
 
The results of the experimental program and evaluation of test results are compiled in 
three chapters, Chapter 5, Chapter 6 and Chapter 7.  
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In Chapter 5, various electrokinetic, geochemical, hydraulic and dynamic processes 
initiated within the soil under EK processing is discussed.  The effects of soil type (soils 
S1 and S2), increasing voltage gradients (0.25, 0.5, 1.0 and 2.0 V/cm), increasing 
processing times (3, 7, 14, 21, 45 and 60 days)  and anode enhancement liquids (water 
and saturated lime solution) on these EK processes are also discussed.  
 
In Chapter 6, the migration of various cations across the soil is evaluated and discussed 
with a special focus on Na ions migration. The influence of Na migration on the two 
important chemical parameters of salt affected soils; SAR (Sodium Absorption Ratio) 
and ESP (Exchangeable Sodium Percentage) is also examined. The effects of ionic 
migration on soil mineralogical properties such as CEC are also briefly discussed in this 
chapter. The removal efficiency of Na ions from experimental soils and thus the 
efficiency of EK processing as a salt affected soil treatment technique is also analysed 
and presented.  
 
In Chapter 7, the effects of EK processing on soil physical properties such as 
consistency limits, volume change characteristics, stress strain and strength properties, 
hydraulic conductivity and consolidation characteristics are discussed. The major 
processes contributing to these modifications in the soil physical properties are also 
analysed in this chapter.   
 
In Chapter 8, the conclusions and recommendations for further work are presented.  In 
this chapter, the significance of the findings and their possible implications in the 
practical application is briefly discussed. 
 
1.5 CONCLUSIONS 
 
In this chapter, it is attempted to introduce the broad field of study with subsequent 
focusing on the specific research area. The research approach is then briefly described 
and the thesis outline is also presented. The limitations of the study with key 
assumptions are then discussed. On these foundations, in the subsequent chapters, this 
thesis presents detailed description of the literature, materials and methods, results with 
analysis and evaluations, recommendations and conclusions based on experimental 
findings.   
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CHAPTER 2 
 
 
SOIL SALINITY AND SODICITY  
 
 
 
2.0 INTRODUCTION 
 
In Australia, soil salinity and soil sodicity are identified as major forms of land 
degradation. Saline soil covers almost 6% of Australia’s land mass and imposes severe 
threats on agricultural productivity as well as on built structures with an estimated annual 
loss of $250 million. One third of Australian land mass is occupied by sodic soils costing 
$2 billion each year in lost production alone with further significant impacts on the 
Australia’s economy due to extensive damages to infrastructure facilities and the 
environment. 
 
Soil being the natural geo material supporting the plant growth and providing  foundation 
and base for infrastructure, in situ remediation of contaminated soil and restoration of 
soil physicochemical properties is important both in terms of improving agricultural 
productivity as well as managing infrastructure. In situ remediation of contaminated 
lands containing clay soils can be even a greater challenge, particularly due to low 
permeability of clays soils and complexity of clay microstructure (Alshawabkeh, 2001; 
Reddy & Shirani, 1997) that are directly associated with the mineralogical characteristics 
of clay.  
 
With soil salinisation, undesirable amounts of water soluble salts (electrolytes) 
accumulate within the soil porous media. Sodic soils contain excess amounts of sodium 
ions in the soil. The soluble salts dissociate in water to cations and anions, creating an 
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electrically conductive media. The complicated geometry of soil particles and pores 
provide a natural porous media for these electrolytes, ions and other chemicals as well 
as liquids and electric currents to flow through the soil porous media. During this 
process, several geochemical and hydrological processes take place within the porous 
media, particularly due to interaction between the ionic compounds in the soil pore fluid 
and the mineralogical characteristics of fine clay minerals in the soil. These interactions 
may involve diverse processes such as mineral dissolution and precipitation, adsorption 
and desorption and redox transformations. Consequently, these interactions and 
processes may significantly affect the physical and chemical properties of the soil, 
leading to land degradation. If these interactions take place over sufficiently long periods 
of time, they may even modify the properties of porous media itself by transforming them 
into another type of clay mineral (Chongbin, et al., 1999), for example through the 
dissolution of matrix minerals or the concentration of pore spaces (Steefel & 
MacQuarrie, 1996).  
 
The mineralogical characteristics of the clay particles and the conductance phenomenon 
of various chemicals, electricity and fluids through the porous media are therefore the 
major factors that influence and define the chemical and physical characteristics of a 
soil. However, the complexity associated with chemical, hydraulic and electrical 
conductance through natural porous media and the clay mineralogy make 
understanding of soils response to these processes a challenging issue, both 
conceptually as well as computationally.  
 
In this chapter, initially the mineralogical characteristics of the clay particles and the 
conductance phenomenon of various chemicals, electricity and fluids through the porous 
media are discussed. This is followed by a discussion on the processes of soil 
salinisation and sodification, characteristics of saline and sodic soils and their effects on 
soil engineering properties and the detrimental effects of salinity and sodicity on built 
infrastructure and the environment.  
 
2.1 MINERALOGICAL CHARACTERISTICS OF CLAY 
 
The crystalline structure of clay minerals is made out of complex aluminium silicates, 
with two basic units, silica tetrahedron and alumina octahedron. A series of these silicon 
tetrahedron units makes the silica sheet while a series of aluminium hydroxyl (alumina 
odtrahedron) units makes the octahedral sheet, which is generally referred as the 
'gibbsite sheet'. The basic clay mineral is a unit formed by stacking a number of these 
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sheets, one on top of another (Lamb & Whitman, 1979)  in a pattern, with a bonding 
between them. The different stacking patterns of these silica and alumina sheets (i.e 
whether “dioctahedral” or “trioctahedral”) and the different forms of bonding between 
them make different types of clay minerals with different mineralogical and physical 
properties. As such, many physical and chemical characteristics and behaviour of a soil 
greatly depend on the amount and the type of clay minerals present in the soil. Due to 
the different stacking patterns of silica and gibbsite sheets and the different bondings 
between them, different clay minerals behave differently.  Similarly, many characteristics 
of clay soils, both chemical and physical, are greatly dependent on the type of clay 
minerals. Table 2.1 lists properties of three common clay minerals in geotechnical 
engineering, Kaolinite, Illite and Montmorillonite.  
 
The cation exchange capacity (CEC) and the characteristics of the diffused double layer 
(DDL) of the clay minerals are the major properties that influence physical and chemical 
properties of soil.   
 
2.1.1 Cation Exchange Capacity (CEC) 
 
Clay particles naturally carry net negative charges on the surfaces due to the 
isomorphous substitution, i.e. substitution of one kind of atom for another within the clay 
mineral structure and the presence of broken bonds. Isomorphic substitution occurs 
when an element substitutes for another with the same or different valence, but with the 
retention of the same crystal structure (for example, Al3+ substituting for Si4+ or Mg2+ 
instead of Al3+). If an element of a lower charge substituted for an element of a higher 
charge, a permanent negative charge develops in the clay mineral (Alshawabkeh, 2001; 
Pierzynski, et al., 1994). This substitution with difference valences in two substituting 
atoms leaves an electrical charge on the clay mineral (Lamb & Whitman, 1979). The 
magnitude of this electrical charge is directly related to the surface area of the clay 
particle. The higher the specific surface (the surface area per unit mass; m2/g) of a clay, 
the higher the electrical charge it carry. Generally, the smaller the particle size the larger 
its specific surface. Out of the major clay types, montmorillonite clay minerals are the 
smallest clay minerals. Therefore they have the largest specific surface area and hence 
carry the most electrical charges. 
 
 
 
 
 
 
Chapter 2        Soil Salinity and Sodicity 
 
Samudra Jayasekera                                                       PhD Thesis                                                                    Page 13 
 
                                                                          
Table 2.1 Characteristics of Kaolinite, Illite and Montmorillonite (from Alshawabkeh, 2001) 
Kaolinite (1:1 mineral) 
Octahedral Sheet:  Gibbsite (dioctahedral, Al) 
Bonding:   Hydrogen bond and Van der waals bond 
Basal Spacing   7.2Å 
Particle size   ~ 0.2 – 2 µm 
Cation Exchange Capacity 3-15 meq/100g 
Specific Surface Area  10-20 m2/g 
Shape    6 sided thick (bulk) plates 
Atterberg Limits  LL 30-110; PL 25-40 
Compression Index (Cc) 0.19 – 0.28 
Isomorphous Substitution One Si in each 400 by Al 
Illite (2:1 mineral) 
Octahedral Sheet:  Gibbsite (dioctahedral, Al) 
Bonding:   K ions (R = 1.33 Å, R of hexagonal hole = 1.32 Å 
Basal Spacing   ~ 10 Å 
Particle size   ~ 0.1 – 0.2 µm 
Cation Exchange Capacity 10-40; if no K, up to 150 meq/100g 
Specific Surface Area  65-100 m2/g 
Shape    Flakes 
Atterberg Limits  LL 60-120; PL 30-60 
Compression Index (Cc) 0.5 – 1.1 
Isomorphous Substitution 1/4 Si replaced by Al; charge is balanced by K; 10%K2O 
Montmorillonite  (2:1 mineral) 
Octahedral Sheet:  Gibbsite (dioctahedral, Al) 
Bonding:   Van der waals bond and exchangeable cations 
Basal Spacing   9.6 - ∞ Å 
Particle size   ~ 0.1 µm 
Cation Exchange Capacity 80-150 meq/100g 
Specific Surface Area  up to 700-840 m2/g 
Shape    thin flakes 
Atterberg Limits  LL 100-900; PL 50-100 
Compression Index (Cc) 1.0-2.6 
Isomorphous Substitution in every 6 Al by one Mg; in 15% of Si by AL 
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Due to the negative charges they carry, clay particles are electrically active and react 
with the ions from the surrounding environment. These negatively charged clay particles 
adsorb cations and hold these tightly to the clay surface by strong electrostatic forces to 
maintain electrical neutrality. This is called the cation exchange. The cation exchange 
capacity (CEC) is a measurement of exchangeable cations on the clay surface. 
 
2.1.2 Diffused Double Layer (DDL)  
 
When clay minerals are in contact with water, due to its higher cation exchange 
capacity, they readily react with the water molecule. The dipolar water is attracted by the 
negatively charged surface of the clay mineral as well as the exchangeable cations 
surrounded by the clay particle. At the same time, hydrogen bonding is also formed 
between hydrogen atoms in the water molecule and oxygen atoms on the clay surface. 
The inner most layer of water is very strongly held by the surface of the clay mineral. 
This thin layer of water is known as 'adsorbed water'. The electrical attraction force 
between clay particle and water molecule decreases with the distance from the clay 
particle surface and diffuses. This layer, i.e. the layer of dipolar water electrically held by 
clay mineral and the other cations beyond the adsorbed water is termed 'diffused layer 
of exchangeable ions' or ‘absorbed water’.  
 
Thus a clay mineral has a ‘diffused double layer’ DDL which consists of layer of 
adsorbed water (water strongly held by the surface of the clay mineral) and the diffused 
layer of exchangeable ions (dipolar water electrically held by clay mineral and the other 
cations in the diffused layer). The adsorbed water layer is fixed while the absorbed layer 
is mobile. The fixed layer is also referred as Stern layer after Stern (1924), and the 
diffuse layer is termed as Gouy layer after Gouy (Pamukcu, 1997).  
 
Thickness of double layer in different clay mineral types varies depending on the specific 
surface areas, amount of electrical charges they carry and the CEC. Several theories 
have been proposed for the estimation of the thickness of the DDL and modelling 
charge (ion) distribution adjacent to clay surface (eg. Gouy-Chapman theory, Poisson-
Boltzmann theory). According to these theories, the DDL thickness is inversely 
proportional to the valence of the ion and the square root of the ion concentration. The 
thickness of double layer increases with the dielectric constant and temperature. 
 
Due to the negative charges, the clay minerals can adsorb and absorb water molecules 
and hydrate and once a clay layer has reached saturation, the hydrated clay layer 
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minimises the conductivity (migration) of any more water molecules through it. As a 
result, clay soils possess very low hydraulic conductivities. With low hydraulic 
conductivities, sufficient volume of liquid flows are not generated under an externally 
applied hydraulic gradient alone and hence application of conventional soil treatment 
technics such as pump and treat becomes uneconomical and almost impracticable 
(Alshawabkeh, et al., 1999). Low hydraulic conductivity of the soil is therefore a 
significant factor in insitu remediation of contaminated clay soils (Alshawabkeh, et al., 
1999; Reddy & Shirani, 1997) and also in managing soils for agricultural purposes 
(Chen & Banin, 1975). Other than the hydraulic performances of clay minerals, generally 
measured in terms of hydraulic conductivity, most of the other clay properties such as 
cohesion, swelling behaviour, plasticity, suction, electrical activity and conductivity etc, 
are also directly influenced by the thickness and electrolyte concentration of the DDL. 
For example, the volume change behaviour (shrinkage and swelling) is controlled by the 
clay type (mineralogy) and associated specific surface area, CEC and pore fluid 
characteristics (Sridharan, 2005). 
 
2.1.3 Zeta Potential (ζ ) 
 
The zeta potential’ (ζ) is an important characteristic of the DDL. It depends on the 
interfacial chemistry between the liquid and the solid phases and is defined as the 
electric potential at the plane between fixed and the mobile parts of the DDL (Pamukcu, 
1997; Reddy & Saichek, 2004; West & Stewart, 1995) which is located at a small 
unknown distance from the clay surface (Pamukcu, 1997) .  
 
The value of zeta is less than the surface potential of the particle. For clay soils, ζ is 
usually negative (it results from the charge on the particle surface) and becomes more 
positive as the ionic strength of the pore solution increases as result of compression of 
the mobile part of the double layer and specific adsorption of cationic species. Zeta 
potential is a function of many parameters including the types of clay minerals and ionic 
species, ionic strength and pH of the porous media (Reddy & Saichek, 2004). 
 
2.2 CLAY (MICRO) STRUCTURAL PROPERTIES 
 
The DDL interaction between two mineral grains in an electrolyte solution plays an 
important role in determining the clay microstructure (Ohshima, 1995) i.e the  
arrangement (grouping, orientation and distribution) of clay particles and pore spaces 
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within a soil mass. The clay microstructure is related to the pore geometry, total pore 
volume (porosity n), pore size distribution, pore continuity and the specific surface area 
and is an important attribute affecting many chemical and physical processes.  
 
2.2.1 Clay Structure (Dispersion and Flocculation) 
 
The forces between two adjacent clay particles can be either repulsive forces between 
the double layers, attractive forces due to Van der Waals forces and other electrical 
forces and bonding forces due to organic and inorganic substances present on particle 
surfaces. The structural arrangement of clay particles would depend on the net result of 
all these forces, whether repulsion or attraction. Though the actual structure of a natural 
clay soil deposit is much more complex (Alshawabkeh, 2001), there are two basic 
structures, the clay particles can arrange into; a dispersed structure and a flocculated 
structure. 
 
When the clay minerals are in contact with water, due to its higher cation exchange 
capacity readily react with dipolar water molecule to form a much thicker DDL. Then the 
net force, which is the sum total of Van der Waals attractive and repulsive forces 
become repulsive.  These repulsive forces along the sides of the clay particle make it 
difficult for individual clay particles to stay closer to each other. Under these repulsive 
forces, clay particles align themselves in a more parallel orientation forming a dispersed 
structure. A dispersed structure exhibits greater swelling and low hydraulic conductivity. 
 
However, when a clay mineral is in contact with an ionic liquid, the cations in the liquid 
start interacting with clay minerals. These interactions result in collapse of the double 
layer structure and hence reduce the hydration ability of the clay mineral. This leads to a 
flocculating situation where clay particles can stay close to each other forming 'flocs' 
(Lamb & Whitman, 1979; Terzhagi & Peck, 1967).  
 
It is important to understand that the effects of monovalent cations such as Na+ (the 
common cation of saline and sodic soils) on the clay flocculation are minimum or rather 
reversed when compared to the flocculating effects of higher valent cations such as 
Ca2
+. When more Na+ ions occupy the inter sites on the clay surface relative to other 
cations, they attract more water molecules from the surround and easily hydrate leading 
to swelling and subsequent easy dispersion. In contrast, when higher valent cations 
occupy negative sites on the clay mineral, due to the higher ionic bonding, the ability to 
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hydrate and disperse is lessened.  Clay surface charges and their interaction with the 
pore fluid plays an important role in arriving at the structure (Sridharan, 2005). 
 
A flocculated element and a dispersed element at the same void ratio have 
approximately the same cross sectional area available for flow. However, in a 
flocculated element, due to the disorderly array of particles the, flow channels would be 
larger in size though fewer in number. It has been shown by Mitchell & Madsen, (1987), 
that the permeability is mostly controlled by large pores. Since a flocculated soil element 
has larger flow channels, flocculated soil element is more permeable. In a dispersed soil 
element, the particles are arranged in a more parallel orientation, leaving large number 
of smaller flow channels thus reducing the permeability.   
 
The engineering behaviour of a soil greatly depends on the soil structure. In general, a 
flocculated soil has a higher strength, lower compressibility and higher permeability than 
the same element of soil at the same void ratio with a dispersed structure (Lamb & 
Whitman, 1979). 
 
2.2.2 Tortuosity 
 
Tortuosity is an important characteristic of soil porous media and is dependent on the 
porosity, pore shapes, surfaces, and pore geometry. In general, tortuosity is physically 
defined as the ratio (or the square of the ratio) of the effective length of pore channels 
(through which hydraulic flow and electric current are conducted) to the length parallel to 
the overall direction of the pore channels in a porous medium (Salem & Chilingarian, 
2000). Due to the complexity associated with the geometry of soil porous media, the 
definitions available for tortuosity are empirical and there are slight differences among 
the definitions proposed by several scientists (for eg. Bo-Ming & Jian-Hua, 2004; 
Moldrup, et al., 2001; Salem & Chilingarian, 2000; Saripalli, et al., 2003; Saripalli, et al., 
2002).  
 
Tortuosity has a significant influence on hydraulic flow and electric current in soil 
(Moldrup, et al., 2001; Salem & Chilingarian, 2000) while it is also identified as the single 
most important characteristic of flow through porous media that determines several flow 
and transport phenomena (Saripalli, et al., 2003). Determination of tortuosity enables the 
understanding of the mechanisms of hydraulic flow and electric current and the capillary 
network complexities in porous media. However, no methods are available for direct 
measurement of tortuosity which is empirical in definition. 
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2.3 CONDUCTANCE PHENOMENA IN SOIL POROUS MEDIUM 
 
With the accumulation of water soluble salts (and sodium ions) in the soil, the soluble 
salts dissociate in water to cations and anions, creating an electrically as well as 
chemically conductive media. These chemicals (solutes), liquids and electric currents 
start to flow through the soil porous media due to different gradients. The higher the 
concentration of salts in the soil, the higher the current an aqueous solution could carry.  
 
In order to assess the soils response, it is important to understand fundamental theories 
associated with conductance phenomena through porous media. Soil pores are highly 
irregular, having an intricate geometry. For this reason, flow in soil porous media is 
generally described using averaging terms where the complex and detailed flow pattern 
is replaced by equivalent average terms. 
 
2.3.1 Chemical Conductance (Solute Transport) Through the Porous Media 
 
The solute transport through porous media can take several forms such as advection, 
diffusion, sorption, dissolution/precipitation etc. However, aqueous diffusion is the 
dominant chemical transport mechanism in slowly advecting systems such as clays 
(Oelkers, 1996). 
 
Traditionally, aqueous diffusional transport in porous media is computed using Fick’s 
Law, which can be expressed as, 
 
i
*
ii cDJ ∇=           (2.1) 
 
where Ji is the diffusional flux, (mol/cm
2/sec), 
 Di
* is the effective diffusion coefficient (cm2/sec) and 
 ci is the concentration. 
 
 
Fick’s Law 
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Since the diffusion occurs only through the pore space and the diffusional transport path 
can be much longer than the linear distance in the direction of interest, the effective 
diffusion coefficient of a dissolved aqueous species is a function of microstructural 
properties of the porous media as well as the concentrations of the chemical species in 
solution.  
 
When the effect of soil structure on diffusion is taken in to account, the above equation 
can be re-written as, 
 
i2
e
i
i c
nD
J ∇
τ
=           (2.2) 
 
where Di is the effective diffusion coefficient in a pure solution and 
 τe is the effective tortuosity.  
 
2.3.2 Hydraulic Conductivity  
 
The first quantitative description of liquid flow through a porous medium was reported by 
the French engineer, Henri Darcy in 1856, who conducted experiments on water 
filtration through sand beds. The findings of Darcy are given in the following equations, 
 
L
H
k
At
v
A
Q
J s
h
w
∆
−===         (2.3) 
 
where Jw is the water flux density (the discharge rate Q=V/t flowing through a cross 
sectional area A), 
V is flow volume,  
ks is a proportionality constant known as the saturated hydraulic conductivity and 
∆H is the difference in hydraulic potential between two points separated by a 
distance L across which water flows.  
 
This equation can be rearranged as, 
 
Qh = ks ih A          (2.4) 
 
where Qh is the hydraulic flow and 
  ih is the hydraulic gradient. 
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The equation (2.4) is known as Darcy's Law for saturated flow in porous media.  
 
The saturated hydraulic conductivity ks applies only to saturated conditions. The 
unsaturated hydraulic conductivity may decrease by several orders of magnitude with 
decreasing soil water content. Naturally, clay soils exhibit low hydraulic conductivities. 
As discussed previously, the double layer effect of the clay mineral decreases the ability 
of water particles to move through a clay layer and hence reduces the hydraulic 
conductivity (Lamb & Whitman, 1979; Terzaghi & Peck, 1967).   
 
 
 
The hydraulic conductivity of a clay soil depends on several factors and primarily on the 
clay mineral composition, ion exchange capacity and pore fluid chemistry and 
concentration. Pore fluid characteristics such as viscosity, the fluid chemistry and the 
resultant electrical potential generated by the fluid flow, polarity of the pore fluid etc, can 
have significant effects on the permeability (Lamb & Whitman, 1979). The hydraulic 
conductivity can change due to alterations to soil structure, thickness of double layer, 
dilution or solution of soil components by strong chemical components, reduction of 
voids due to movement of finer particles, and growth of micro-organisms (Oweis & 
Khera, 1998).  
 
2.3.3 Electrical Conductivity 
 
In a porous medium, the electrical conductance is mostly ionic as soil particles 
themselves are poor electrical conductors. Current flows mainly through the bulk pore 
fluid, but it may also flow along the particle surfaces through the DDL. Electrical 
conductivity is therefore a function of the pore geometry, which controls fluid flow and 
hence the hydraulic conductivity of the soil (Sadek, 1993). A number of parameters can 
be identified which could affect the electrical conductivity of a soil porous media. They 
Darcy’s Law 
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include, pore fluid composition, porosity, tortuosity, degree of saturation, clay mineralogy 
(as it affects particle size, shape and surface conductance due to the properties of DDL), 
structure (i.e. pore size distribution, particle orientation, pore shape), temperature and 
pressure. 
 
The ability of different materials to conduct electricity is presented mathematically by the 
George Simon Ohm in 1827. His work is based on the previous research by Fourrier 
and Poisson on heat conduction.  The Ohm’s law states that the magnitude of a direct 
current, I, through a conducting element is proportional to the voltage across that 
element, which is the driving potential. 
 
R
V
I =            (2.5) 
 
where  I is current (Amperes), 
 V is Voltage (volts) and 
 R is resistance (Ohms).  
 
The resistance R is a property of the conducting element and varies directly with its 
length and inversely with its cross-sectional area. Introducing a proportionality coefficient 
ρ, 
 
A
L
R ρ=            (2.6) 
 
where L is the length of the element (m), 
 A is cross sectional area (m2) and 
 ρ is resistivity (Ohm-m). 
 
The inverse of the resistivity is called electrical conductivity and is defined as, 
 
A
L
R
I
=σ           (2.7) 
 
where σ  is electrical conductivity (I/Ohm-m = mho/m = Siemens/m). 
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The electrical conductivity and the resistivity are fundamental properties of the 
conducting medium. For most materials whether solids, solutions or porous media, 
Ohm’s law is valid. 
 
 
The following table (Table 2.2) provides a summary of conduction phenomena through 
porous media. 
 
Table 2.2 Conduction phenomena through porous media (from Sadek, 1993) 
 Chemical Hydraulic Electrical 
Potential Chemical Potential µ 
or concentration c 
(moles/ m3) 
Total Head h (m) Voltage V (volts) 
Storage (Moles) Fluid volume W 
(m3/m3) 
Charge Q (coulomb) 
Conductivity Diffusion Coefficient  
D (m2/sec) 
Hydraulic 
Conductivity kh 
(cm/sec) 
Electrical conductivity 
I/Ohm-m = mho/m = 
Siemens/m 
Flow JD (moles/sec) Q
h (m3/sec) Current I (amp) 
Gradient 
x
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2.4 GEOCHEMICAL REACTIONS 
 
As a result of fluid and solute transport through soil, several geochemical reactions take 
place within the porous media. These interactions may involve diverse processes such 
as adsorption and desorption, mineral dissolution and precipitation and redox 
transformations. 
 
2.4.1 Sorption, Adsorption and Desorption 
 
Positively charged species and heavy metals are highly attracted and sorbed on to the 
negative sites of the clay surface. Metals have different sorption characteristics and 
mechanisms. Sorption mechanisms include surface complexation (i.e. adsorption) or ion 
exchange. Sorption is a function of size and valence of the cation and the type of the 
clay mineral (Acar & Alshawabkeh, 1993). 
 
Sorption mechanism depends on the surface charge density of the clay mineral, 
characteristics and the concentration of the cationic species and the existence of the 
organic matter and the carbonates in the soil and also significantly controlled by the pore 
fluid pH. With increase in H+ concentration, cations are desorbed from the clay surface, 
depending on the type of the clay mineral.  
 
Desorption of cationic species from clay surface is an essential in extracting species 
from fine grained soils and can be a challenging task when dealing with clays with  high 
CEC. 
 
2.4.2 Precipitation and Dissolution  
 
Species transport through porous media is highly influenced by precipitation and 
dissolution reactions that are highly dependent on pore fluid pH and the concentration of 
the species. At highly alkaline environments, most heavy metals precipitate at their 
hydroxide solubility value. On the other hand, at highly acidic environments, most of the 
precipitates are subjected to dissolution and sometimes formation of new precipitates 
(Acar & Alshawabkeh, 1993).  
 
In a saline sodic (aqueous) soil medium, where soluble salts are encouraged to 
dissolve, the resulting anions and cations tend to form precipitates with other available 
ions such as Al, Fe, Si in the media, generally at alkaline environments. 
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2.4.3 Oxidation - Reduction (Redox ) Reactions 
 
In an oxidation-reduction or redox reaction, there is an exchange of electrons between 
two reactants. The species that loses electrons is oxidized and the species that gains 
electrons is reduced.  
 
It is evident that these geochemical reactions are highly dependent on soil pH. 
Therefore, it is important that soil pH is maintained at desirable levels to maintain 
satisfactory plant growth as well as minimise detrimental effects to infrastructure in 
highly alkaline and acidic environments. While the parent material of soils initially 
influences soil pH, it is subjected to continuous change over time due to natural 
processes as well as human activities. Rainfall and irrigation control the pH of most 
soils. In humid climates, heavy rainfall percolates through the soil and leaches basic 
ions such as calcium and magnesium and replaces them with acidic ions such as 
hydrogen and aluminium. In arid regions soils tend to become alkaline as the rainfall is 
not heavy enough to leach basic ions from soils in these areas. Root growth and decay 
of organic matter by soil microorganisms are other natural processes that increase soil 
acidity. Human activities that increase soil acidity include fertilization with ammonium 
containing fertilizers and production of industrial by-products such as sulphur dioxide 
and nitric acid, which ultimately enter the soil via rainfall. Irrigating with water high in 
bicarbonates gradually increases soil pH and can lead to alkaline conditions.  
 
Depending on the mineralogical and compositional characteristics of clay particles, soils 
develop resistance against the changing pH. The soils capacity to resist against change 
in pH (also termed as soil buffering capacity) is generally due to the cation exchange 
capacity (CEC) of the clay minerals and the presence of organic species and the salts 
(such as CaCO3) in soil media that could react with the acid front (Acar, et al., 1993). 
The buffering capacity of the soil is therefore an important soil characteristic that can 
significantly influence the highly pH dependent geochemical reactions in the porous 
media. 
 
2.5 SOIL SALINISATION  
 
Soil salinisation due to ingress of excess amounts of salts and salt ions into the near 
surface soil layers is a significant form of land degradation in many parts of the world. 
While salt affected soils can occur in any climatic zone (Rengasamy, 2006) the common 
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perception is that arid and semi-arid regions are more susceptible to soil salinisation 
(Bresler, et al, 1982, Akhter, 2003).  
 
In Australia, soil salinity has been recognised as a significant and worsening form of 
land degradation and one of the greatest environmental challenges (NAPSW, 2000; 
NLWRA, 2000; Rengasamy, 2006; Salt Force, 1998; SCARM, 2000). With soil 
salinisation undesirable amounts water soluble salts (electrolytes) are accumulated 
within the soil porous media. The water soluble salts are typically chlorides, sulphates or 
carbonates of sodium, calcium and magnesium. The prominent salt in Australian 
landscapes is sodium chloride (NaCl) (Rengasamy, 2006; Rengasamy & Olsson, 1991). 
 
‘Soil salinisation causes severe threats to both agricultural production as well as the 
natural environment. Full impacts of salinity are far more widespread due to the 
extensive damages it causes to built infrastructure in Australia’s urban and rural 
landscapes (Wilson, 2003). The Department of Natural Resources and Environment 
(DNRE, 2002) envisioned that land degradation due to salinisation could pose serious 
threats to the future prosperity of the country’s economic, environmental and social 
wellbeing. Recent research by the Land and Water Resources Research and 
Development Corporation has predicted that up to a million hectares in the Murray-
Darling Basin could be affected by dryland salinity by 2010 whilst the National Land and 
Water Resources Audit (NLWRA, 2000), estimates the spread of dryland salinity in 
Australia from the 5.7 million ha in the year 2000 (almost 6% of Australia’s land mass) to 
as much as 17 million ha in 2050 if effective controls are not implemented. The Audit's 
estimates also suggest that over this period 20,000 km of streams may be affected by 
salinity; 52,000 km of road will be at risk of salinity damage and more than 20 towns are 
expected to suffer infrastructure damage. There are also likely to be many other towns 
where the current problems are less well known, or that are likely to develop serious 
problems in future years’ (Wilson, 2003). 
 
‘The area of native vegetation damage at risk is likely to have expanded from the 
present 630,000 ha to around 2,000,000 ha by 2050. For every 5,000 hectares of land 
visibly affect by dryland salinity, the economic impact will be approx $1 million annually. 
If nothing is done salinity will cost $1 billion a year by 2100. Currently 630,000 hectares 
of native vegetation are at risk from salinity. This could increase by up to 2 million 
hectares over the next 50 years’ (Wilson, 2003). 
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2.5.1 Processes of Soil Salinisation  
 
The dryland salinity in Australian landscapes occurs in many forms (Rengasamy, et al., 
2003). Groundwater associated salinity as a result of changes to land use since 
European settlement, such as clearing forests, removal of deep-rooted native trees, 
grasses and vegetation and the consequent intervention in the natural water balance, is 
considered to be the major cause for dryland salinity in Australia.  
 
In a balanced groundwater system nearly all rainwater enters the soil and is largely used 
by vegetation. Consequently the watertable usually remains many metres below the 
surface. Thus a hydrological balance exists between the amount of water seeping into 
the soil and water that could drain away or be used by plants. With large scale clearing 
of native vegetation, any water added to the system in excess of evaporation and plant 
needs will seep through the soil recharging the groundwater and causing the water table 
to rise (McRobert, et al., 2003; Rengasamy, 2006). Clearing native vegetation 
(particularly deep rooted perennials and eucalyptus) and replacing them with shallow-
rooted agricultural plants (crops and pastures) the equilibrium levels of the watertable 
changes (Rengasamy, 2006), causing watertable to  rise due to the lack of water-
extracting and water-using deep rooted plants (Rengasamy, et al., 2003).  
 
When the groundwater table rises, it brings excess amount of salt to the surface that is 
otherwise stored at deeper depths. The water evaporates leaving the salt in the surface 
layers of the soil.  
While groundwater table rise is generally the dominant mechanism soil salinisation, 
recent studies by Rengasamy, (2006) and Rengasamy, et al., (2003), show that root 
zone transient salinity caused in semi-arid conditions is another form of dryland salinity 
in Australia. In climatic conditions where rainfall is not sufficient to leach all the salts that 
are accumulated around the root zone layers (associated with clay soils hindering the 
movement of salts and water), a bulge of salt get accumulated in the upper soil layers, 
while the ground water table can be many meters below with water quality being not 
very saline. This form of salinity (i.e. transient salinity caused by the bulge of salt 
accumulation in the upper soil layers) is therefore not associated with the rising ground 
watertable. According to Rengasamy, (2006), recent geophysical studies have 
confirmed that transient salinity in Australian landscapes is not uncommon. 
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Figure 2.1 Map of Australia’s land area affected by saline soils 
Eventually, dryland salinity leads to many other processes of soil salinisation often as a 
result of particular land use practices, such as over-clearing, urban development, river 
regulation, irrigation or cultivation of crops and pastures. For example, ‘irrigation salinity’ 
is caused by over irrigation of farm land, inefficient water use, poor drainage, irrigating 
on unsuitable soils, allowing water to pond for long periods and allowing seepage from 
irrigation channels, drains and storages. Salinity problems in irrigation areas can be 
made worse by irrigators having to use highly saline water, drawn from rivers flowing 
from affected dryland areas. Saline water can damage irrigation infrastructure and it 
constrains the types of crops able to be grown. Irrigation salinity occurs when irrigation 
water soaks through the soil area, adding to the existing water. The additional irrigation 
water causes the watertable to rise, bringing salt to the surface. ‘Urban salinity’ is the 
term used for salinity in towns and urban areas resulting from a combination of dryland 
salinity processes and over-watering of urban areas. Towns are often located in areas 
prone to salinity (such as plains, in valleys, or at the foot of a ridge), but the problem is 
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made worse by urban activities adding seepage to the groundwater. High groundwater 
table can cause structural damage to homes and commercial premises. They can 
destroy infrastructure such as roads, underground telephone, water, electricity and 
sewage supply systems as well as vegetation in parks and gardens. Removal of 
vegetation for urban development has increased the amount of water entering 
groundwater systems. Over watering of gardens and sports grounds, disruption of 
natural drainage lines, leakage from water, sewage and drainage pipes, and septic 
tanks – all increase the amount of water entering the subsurface zone. Water running 
from areas of dryland, irrigation and urban salinity may flow into creeks and rivers, 
causing ‘river salinity’. As salinity in a catchment worsens, the rivers become more salty 
over time.  
2.5.2 Effects of Soil Salinity on Plant Growth 
 
The excess amounts of soluble salts within the soil porous media affects the ion 
exchange and the DDL chemistry and hence the physical and chemical properties of the 
soil. The changes in soil physical and chemical properties with salinisation significantly 
affect soils ability support plant growth while it can also impact on performances of built 
infrastructure.  
 
The presence of water soluble salts in soil and their adverse effects on plant growth is 
widely studied. When the dissolved salts are present within soil, they increase the 
osmotic potential, resulting in greater (water) osmotic stress on plants (Pearson, 2003). 
Although the water is not held tighter to the soil in saline environments, the dissolved 
salts reduce the availability of water to plants in the water (Rengasamy, et al., 2003) and 
causes plants to exert more energy extracting water from the soil (Pearson, 2003). 
Some of the dissolved salts are reported to be toxic on some plants due to the ion 
imbalance they cause. Salts can also have adverse nutritional effects on plants 
(Mitsuya, et al., 2005).  
 
The soluble salts (electrolytes) in the soil solution affect soil physical properties by 
preventing fine clay particles from dispersing and thus creating a more flocculated 
structure.  The reduced porosity and increased soil strength of a soil with flocculated 
structure can directly affect root functions, for example, the reduced porosity can restrict 
rates of water and nutrient uptake while high strength can minimise and slow down root 
elongation and expansion (Rengasamy, et al., 2003). 
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The soluble salts dissociate in water to cations and anions, creating an electrically 
conductive media. Therefore the degree of salinity of a soil can be conveniently 
assessed by measuring the electrical conductivity (EC) of the soil. The higher the 
concentration of salts in the soil, the higher the current an aqueous solution could carry. 
The common parameter used to characterise the degree of salinity is the electrical 
conductivity (in dS/m) of saturated soil extract (ECe) (Rhoades, et al., 1997). The 
saturated soil extract provides the lowest water/soil proportion that will dissolve all of the 
immediately soluble salts present in the soil. From the estimation of ECe, the salinity 
hazard of the soil can be assessed. Due to the significant and more obvious effects on 
plant growth, the degree of salinity effect is related to the effect on plant growth. 
 
According to the US Salinity Laboratory Staff, a soil is considered saline if the EC is 
greater than 4.  An ECe between 8 and 16 is considered highly saline. In these soils, 
only salt tolerant plants yield satisfactorily. An ECe greater than 16 is extremely saline 
and only a few salt tolerant plants yield satisfactorily in these soils.  
 
Table 2.3 Classification of salinity effect on plant growth using ECe 
(from Charman & Murphy, 2000) 
ECe(dS/m) Salinity effect Degree of Salinity 
0-2 Minimal Minimal 
2-4 yield of very salt-sensitive plants may be 
restricted 
Moderate 
4-8 yield of salt sensitive plants restricted High 
8-16 only salt-tolerant plants yield satisfactorily Very high 
>16 Few salt-tolerant plants yield satisfactorily Extreme 
 
Electrical conductivity measured using 1:5 soil water suspension method, (EC1:5) is an 
alternative and widely used method assess the salinity levels (which is a more 
convenient and quick method). EC1:5 can be converted to ECe using established 
correlations depending on the soil textural classification. These conversion factors as 
proposed by Slavich & Petterson, 1993), is given in Table 2.4. 
 
However, it should be noted that electrical conductivity can be strongly influenced by the 
presence of hydrogen and hydroxyl ions in the solution. In very acidic and alkali soils, 
the EC can be influenced by these ions and would not be the true indication of soil 
salinity. In acidic soils, influence in EC is more distinct as hydrogen ions are very mobile 
and conductive of all ions. 
Chapter 2        Soil Salinity and Sodicity 
 
Samudra Jayasekera                                                       PhD Thesis                                                                    Page 30 
 
                                                                          
Table 2.4 Conversion factors from EC1:5 to ECe 
(from Slavich & Petterson, 1993) 
Soil texture                     Conversion factors from EC1:5 to ECe 
Loamy sand, clayey sand, sand     23 
Sandy loam, fine sandy loam, light sandy clay loam   14 
Loam, loam fine sand, silt loam, sandy clay loam   9.5 
Clay loam, silty clay loam, fine sandy clay loam   8.6 
Sandy clay, silty clay, light clay     7.5 
Light medium clay       5.8 
Medium clay        5.8 
Heavy clay        5.8 
 
The recommended ECe and ECa (apparent EC) values by National Land and Water 
Resource Audit (NLWRA, 2007), to assess the intensity of salinity are given Table 2.5. 
 
2.5.3 Effects of Soil Salinity on Built Infrastructure 
 
The soluble salts (electrolytes) in the soil solution affect soil physical properties by 
preventing fine clay particles from dispersing and thus creating a more flocculated 
structure.  The improved soil structural stability and resulting improvements in hydraulic 
conductivity and strength can be beneficial from the view point of infrastructure 
management and maintenance in saline soils. However, the gain of soil structural 
stability due to the presence of electrolytes in a saline soil environment become almost 
worthless when compared to the detrimental effects caused by rising saline groundwater 
table on the soil structure and hence satisfactory performance of the built infrastructure. 
Hence, the adverse effects of soil salinity on infrastructure is more severe due to the 
adverse consequences of rising ground watertable have on soil physical properties 
rather than due to the electrolytes effects on soil physical properties.   
 
The most significant problem associated with rising ground watertable is saturation of 
subsoil at the foundation depths of structures and subsequent soil water interactions. If 
the soil contains an appreciable amount of clay particles, there can often be 
considerable magnitudes of volumetric changes of the soil in the form of swelling as a 
result of DDL hydration. When the groundwater level falls or soil moisture evaporates, 
these soils are subjected to shrinkage. In general, soil volumetric changes (shrinkage 
and swelling) are often cyclic and dependent on the seasonal variations of the moisture 
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in the soil. The magnitude of volume change characteristic are dependent on the clay 
type (mineralogy) and associated specific surface area, CEC and pore fluid 
characteristics (Sridharan, 2005). 
 
Table 2.5 Proposed classification of salinity intensity using ECe and ECa 
(from NLWRA, 2007) 
ECe 
(dS/m) 
*ECa 
(dS/m) 
Description Degree of 
Salinity 
<2.0 <0.5 land not currently affected by shallow or rising 
watertables 
None 
Saline 
2.0-4.0 0.5- 1.0 ground surface seasonally damp after extended 
periods of rain; gradual change in pasture 
composition with reduced vegetation diversity; 
dieback in some trees; intermittent streams flow for 
longer periods. 
Slightly 
Saline 
4-8 1.0 – 1.5 ground surface damp for very long periods after 
extended periods of rain; change in pasture 
composition to dominance by salt-tolerant species 
including salt tolerant grasses; dieback in most 
trees; stock may be observed congregating in the 
area and licking the ground; intermittent streams 
evolve to permanent streams; rising damp in 
buildings; some deterioration of road conditions. 
Moderately 
Saline 
>8.0 >1.5 ground surface waterlogged or permanently moist; 
only salt-tolerant vegetation, such as samphires 
present; all trees dead; areas of bare soil with salt 
crusts; degradation of soil structure with 
subsequent soil erosion; rising damp and salt 
efflorescences in buildings; major deterioration and 
crumbling of roads. 
Severely 
Saline 
*ECa  Apparent electrical conductivity of bulk soil 
 
When these soil movements (shrinkage and swelling) are transmitted to the lightly 
loaded structures founded on these soils, structural damages such as cracking of walls 
(Geo-Enviro, 2001) and distortion of openings are resulted which can eventually lead to 
severe threats to the stability of the building. These soil volumetric changes result in 
localised ‘heaving’ of the road surfaces, followed by cracking of the bitumen surface, 
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complete break up of the road itself, and further penetration of surface water into the 
road foundation (Hamilton 1995 & Wooldridge 1998 cited by Wilson, 2003) (Figure 2.2 
and Figure 2.3). The end result is premature road failure, more frequent and costly 
maintenance, or a combination of both. 
 
High saline groundwater tables can also have an adverse impact on lawns, gardens, 
street trees, sporting fields and parklands. Apart from the possible decline or death of 
the salt-sensitive turf, shrub and tree species, structural damages due to waterlogged  
and soggy playing areas, eroded surfaces and gullies could cause. Other brick and 
concrete structures found extensively in urban areas can also be affected. These 
include footpaths and bicycle paths, paved or cemented areas, and driveways. 
Depending on the severity of the impacts, some areas may no longer be suitable for 
their intended use and may be either downgraded or abandoned. 
 
 
Figure 2.2 Cracking of road surface due to rising saline groundwater table 
(from Vorobieff, et al., 2001) 
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Figure 2.3 Potholing and rutting of road surface due to  
rising saline groundwater table (from DLWC, 2002) 
 
As the groundwater table rises, it often brings moisture, salts and Na ions close to the 
foundations and founding materials.  Eventually, salt crystals grow within the confined 
spaces of building materials. These crystals can cause deterioration of the brick, stone 
and cement, and can result in cracked bricks or stone, mortar turning to dust, and 
cement render flaking off internal and external walls (Wilson, 2003) (Figure 2.4 and 2.5). 
 
According to studies by Wilson, (2003), ‘rising saline groundwater table is the main 
cause of corrosion to underground concrete, cast iron, brass, copper and galvanised 
iron water pipes and fixtures’. It is also reported that there are a number of metal 
structures present in urban and rural areas that are prone to corrosion from high saline 
groundwater tables (Electricity Association of NSW 1997, cited by Wilson, 2003). 
‘Corrosion of metal structures can cause an increase in operating costs, an increase in 
maintenance costs, a reduction in expected life spans, or a combination of all three’ 
(Wilson, 2003).  
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 Figure 2.4 Deterioration of bricks, mortar and cement of a foundation  
(from Geo-Enviro, 2001) 
 
 
 
Figure 2.5 Growth of salt crystals on the bricks and pavers (white staining) and 
decay of mortar due to salt attack (from DLWC, 2002) 
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‘The rising watertable can also flow in to underground sewerage systems and eventually 
lead to additional, and often saline, water drains into sewerage treatment plants. High 
groundwater tables can also lead to a failure of septic systems. Failures can result from 
groundwater entering septic systems and/or poor function of ‘rubble pits’ which accept 
the processed outflows from the septic systems. The end result may be raw sewerage 
overflowing from septic tanks’ (Wilson, 2003). 
 
The overall damage costs of salinity on infrastructure are therefore associated with the 
(i) distresses caused to lightly loaded structures due to high saline groundwater 
tables and subsequent soil volume changes and  
(ii)  damages caused to structures due to saline water supplies.  
 
As discussed by Wilson, (2003), shows that the overall costs may include, 
(i) the increased repair and maintenance costs (relate to the additional cost of 
maintaining assets in saline areas),  
(ii) increased costs from the reduced lifespan of infrastructure (cost of replacing 
infrastructure earlier than normal),  
(iii) increased operating costs (cost of using additional goods and services to 
overcome the adverse impacts of saline water supplies and high groundwater 
tables) and  
(iv) the value of income foregone (in particular agricultural production foregone on 
saline farmland, which also involve other areas, such as reductions in rates 
revenue to local governments due to lower property values of salinity affected rural 
and urban properties).  
 
It is reported that, more than $6 million is spent every year on building maintenance 
related to salinity damages in South Australia alone (NAPSW, 2000). According to 
PMSEIC, (1998), the estimated annual loss of agricultural productivity due to dryland 
salinity is about $130 million while the overall cost is estimated at $250 million which 
include water quality, built infrastructure and environmental damage with a significant 
direct economic impact. 
 
2.6 SOIL SODICITY 
 
Soil sodicity due to the accumulation of excess amounts of sodium ions in the soil is also 
a major threat to the geoenvironment (Sarre, 2001). Many sodic soils occur in the 
subhumid regions due to range of natural processes (Rengasamy & Olsson, 1991) 
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including salt accession in wind, rain, proximity to the ocean, parent material, 
weathering/leaching regimes (Chartres, 1993). Also, in salinised areas, when the saline 
groundwater table falls, it leaves sodium ions attached to the clay particles causing 
sodic soil conditions (Chartres, 1993).  
In other parts of the world, the land area affected by sodic soils is generally similar to 
that of soil salinity. However in Australia, although there is some correlation between  
sodic and saline soils, the land area affected by sodicity is more than 5 times greater 
than the land area affected by salinity (Chartres, 1993; Rengasamy, not known; 
Rengasamy & Olsson, 1991). As such, soil sodicity is identified as a more significant 
form of land degradation and severe environmental problem both in terms of affected 
land area and impact on the environment when compared to salinity as a problem.   
It is estimated that one third of Australian land mass is occupied by sodic soils 
(Chartres, 1993; Rengasamy & Waters, 1994; Sarre, 2001) where the clays contain 
sufficient exchangeable sodium to cause huge production losses in agricultural fields 
and pose environmental threats undermining economic progress. A comprehensive 
estimate of the full extent of sodicity across Australia’s rural and urban landscapes is not 
known. While sodicity impacts are far more widespread extending to water catchments, 
infrastructure facilities and the environment, the dollar value of the effects of sodicity is 
difficult to estimate (Rengasamy, not known). Several projects and audits on soil sodicity 
are in progress with the focus of estimating the full costs of the soil sodicity. Recent 
reports suggest that it costs agriculture as much as $2 billion each year in lost 
production alone (NCCNSW, 2004; Sarre, 2001), while the 1997 estimate is $1.3 billion 
(Hulugalle & Finlay, 2003). It is anticipated that the full costs of sodicity can be an 
alarming figure that could affect the Australia’s economy more than any other natural 
disaster could do. 
 
Sodicity refers to exchangeable sodium ions held on the clay surface. The greater the 
proportion of sodium in the total exchangeable cations, the more sodic the soil is. An 
excess amount of exchangeable sodium ions (monovalent cation) relative to other 
exchangeable cations results a thicker DDL. As a result, these clay particles lose their 
tendency to stick together when wet, leading to dispersion. This is a major cause of 
complete collapse of soil structure resulting unstable soils. As a result of severe 
structural degradation of sodic soils, they exhibit poor soil water, soil air relations.  
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Figure 2.6 Map of Australia’s land area affected by sodic soils 
(Rengasamy & Bourne, undated) 
 
With dispersed structure, sodic soils are known to have reduced porosity and 
permeability (Rengasamy, et al., 2003) due to thicker DDL. Clay swelling into the water-
conducting pores and clay movement and deposition within the pores are two 
mechanisms responsible for permeability deterioration. The impacts of these 
mechanisms are affected by several soil factors; texture, clay mineralogy, organic 
matter, CaCO3 and pH (Oster & Shainberg, 2001). The low permeabilities lead to poor 
water and nutrient transport within the soil and is the major cause for productivity loss. 
 
Other than productivity loss, sodicity leads to several environmental problems and 
causes damages to roads, buildings, and other infrastructures. For example, with low 
hydraulic conductivities, the rate of water infiltration slows down and as a result, in a 
high rainfall area on sloping land, subsurface water can flow over the sodic layer and be 
lost in lateral drainage. During this process important fertile topsoil is lost from 
agricultural land. When water flows over the surface, gullies, tunnels and channels 
Non – alkaline sodic 
 
Alkaline sodic 
Chapter 2        Soil Salinity and Sodicity 
 
Samudra Jayasekera                                                       PhD Thesis                                                                    Page 38 
 
                                                                          
develop that can subsequently trigger slope instability and landslips. On flatter land, the 
sodic layer may not permit water to drain, leading to waterlogging at the surface. Sodic 
topsoils in arid and semI arid regions are subject to dust storms, which create a major 
environmental problem. Sodic soils have very little strength when wet and are therefore 
more readily prone to gullying and tunnel erosion (Rengasamy & Waters, 1994). On the 
other hand, when a sodic soil dries out (which is typically cyclic in response to seasonal 
variations), it forms a surface crust or a hard-setting layer with an increased strength 
(Rycroft, et al., 2002).     
 
2.6.1 Assessment of Soil Sodicity 
 
Sodicity is generally measured by ESP (exchangeable sodium percentage). ESP is the 
proportion of exchangeable sodium on the clay surface relative to the total 
exchangeable cations (generally the sum of the most common cations of calcium (Ca2
+), 
magnesium (Mg2
+), sodium (Na+) and potassium (K+); the CEC of the soil).  
 
SAR (sodium absorption ratio) is also suggested as an indicator of soil sodicity 
(Chartres, 1993; Gafni & Zohar, 2001; Jayawardane, et al., 2001; Rhoades, et al., 
1997). SAR is the relative proportion of dissolved sodium in the pore solution compared 
to the sum of other dissolved cations; generally calcium and magnesium.  
 
The ESP and SAR are related be Gapon equation which governs the equilibrium 
between cations and other counter-ions balancing the negative charge on the clay 
surface. 
 
According to the Gapon Equation; 
 
[ ]
[ ] [ ]MgCa
Na
k
MgCa
Na
cc
c
+
=
+
        (2.8) 
 
where  Mec is metal ion on clay surface,  
[Me] is metal ion in pore solution and 
k is the Gapon exchange coefficient. 
 
 
 
Chapter 2        Soil Salinity and Sodicity 
 
Samudra Jayasekera                                                       PhD Thesis                                                                    Page 39 
 
                                                                          
The US Salinity Lab defined a term SAR as the right side of this equation, with the 
denominator divided by a factor of 2,  
 
[ ]
[ ] [ ]
2
MgCa
Na
kSAR
+
=          (2.9) 
 
and the left side as the Exchangeable Sodium Ratio (ESR) 
 
cc
c
MgCa
Na
ESR
+
= .                   (2.10)
      
An ESP value of  6% has been claimed as the threshold between sodic and non sodic 
behaviour in Australian soils by Northcote and Skene (1972) while van Beekom et al., 
(1953), and McIntyre, (1979), (cited by Hulugalle & Finlay, 2003), proposed 5% ESP. 
 
The Gapon equation shows how salinity (an increased concentration of NaCl) influences 
the amount of sodium ions on the clay surface. If the concentration of sodium ions in the 
soil solution doubles, then to maintain the same ESP, the concentration of calcium (and 
magnesium) ions in the solution must increase fourfold. Therefore, a doubling in the 
concentration of sodium ions is likely to lead to an increase in the ESP and 
consequently an increase in sodicity. On the other hand, an increase in the 
concentration of calcium ions in the solution, for example if gypsum is added, will lead to 
a decrease in the ESP. 
 
2.7 COMBINED EFFECT OF SALINITY AND SODICITY ON SOIL STRUCTURE 
From the above discussion, it is obvious that the structure (dispersed or flocculated)  of 
a salt affected soil would depend on both the amounts of sodium and salt (electrolytes) 
left in the soil due to soil salinity and its flocculating effects and sodicity and its 
dispersive effects. The ratio of salinity to sodicity determines the effects of salts and 
sodium on soil structure. The amount of electrolyte concentration required to prevent soil 
dispersion is called the ‘threshold concentration’. The adverse symptoms of sodicity will 
start to appear if the concentration of electrolyte falls below the threshold concentration. 
If the soil is sodic and the salt concentration is negligible, the soil will disperse severely. 
Even if a soil has and ESP as low as 2, it may disperse if the EC of the soil is negligible. 
On the other hand, if the salt concentration is high, soil may not show dispersive 
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properties even at high ESP levels. The diffuse double layer only partially explains the 
effect of sodicity and salinity on soil structure. With increasing sodicity or decreasing 
salinity, the repulsion forces between clay particles increase. At some level of sodicity 
and salinity along this continuum, which is unique for each soil, clay swelling and 
dispersion occurs (Oster & Shainberg, 2001).  
There are few different indicators proposed to estimate the net effect of the salinity and 
sodicity on soil structural stability. 
As discussed above, the ESP is generally accepted as a measure and indicator of soil  
sodicity and hence structural stability. Some researchers have suggested that the 
exchangeable sodium alone is a good indicator of the soil structure of a salt affected soil 
since this excludes the effects of soil texture, pH and clay mineralogy on ESP (eg. 
Hulugalle & Finlay, 2003). A ‘sodicity index’ which considers both the dispersive effects 
of exchangeable sodium and flocculating effects of salts is proposed by some authors 
as a good indicator. Blackwell, et al., 1991) suggested a way of expressing the 
relationship between sodicity and salinity by calculating a sodicity index termed the 
‘electrochemical stability index’ (ESI).  
 
ESP
)m/dS(EC
ESI 5:1=                   (2.11) 
 
(Hulugalle & Finlay, 2003) suggested a ‘sodicity index’ which includes only the 
exchangeable Na content of a soil in combination with EC1:5 as a better indicator of soil 
structural stability than ESI.  
 
Sodicity Index = 
leNaexcahngeab
EC 5:1                (2.12) 
 
The ‘swelling factor’ which is the amount a soil is likely to swell with varying 
combinations of salinity and sodicity levels is another measure of soil sodicity and 
dispersivity at different salt and sodium ion concentrations (McNeal, 1968). Figure 2.5 
shows swelling factor as a function of sodium content (ESP) and salt concentration of 
soil solution. Using this figure, it is possible to identify the degree of swelling or 
dispersive potential at varying salt and sodium ion concentrations. 
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Figure 2.7 Swelling factor as a function of sodium content (ESP) and 
 salt concentration of soil solution (after McNeal, 1968) 
 
2.8 TREATMENT OF SALINE SODIC SOILS 
 
In Australia, addressing salinity is a huge national challenge particularly due to adverse 
direct impacts on economy due to lost production. The Commonwealth and state and 
territory governments have agreed on the National Action Plan for Salinity and Water 
Quality. It is based on concentrated action by governments and regional communities. 
The government funding has steadily increased for programs on farmer education, 
research and rehabilitation planning. The current long term strategic approaches include 
detection of affected areas and possible areas at risk, managing of salinity (reduce 
spread of salinity by ground water pumping and development of alternative farming 
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systems to maximise plant water use) and learning to live with salt (by establishing salt 
tolerant trees and aquaculture etc). Any short term technologies rely greatly upon 
conventional methods such as pumping or collection of saline water, concentrating it 
and extracting the salt by evaporation, or simply disposing of it in a lake or to the ocean. 
It is known that practices such as pumping out of saline water can lead to some severe 
geotechnical consequences such as soil collapsing, long term sub soil consolidation 
processes and adverse effects on hydrologic balance of the area. 
 
Although the salinity threat on infrastructure such as roads, rail, embankments, houses 
and underground structures is increasing, there are minimal successes in practice that 
have addressed these issues, especially within a short time frame. At present, the only 
feasible strategy to combat the detrimental effects of salinity on infrastructure appears to 
be living with and adapting to salinity by using of higher grade construction materials 
and more extensive construction practices (McRobert, et al., 2003). As such there is an 
obvious need for cost effective, short and medium term approaches that can address 
the destructive effects of salinity and subsequently complement the long term strategic 
approaches in salinity management.  
Sodicity is often treated by applying calcium containing substances like gypsum or lime 
to the affected soil. The traditional approach is to add the amount of Ca needed to 
reduce the exchangeable Na percentage (ESP) in the soil to a specific level (typically to 
below 10) (Suarez, 2001). Other substances are also effective, including the direct 
application of sulphur, aluminium and iron sulphates or iron pyrite, all of which form 
gypsum in soils containing calcium carbonate. Gypsum is the cheapest and most 
effective treatment readily available for treating large areas. However, such additives 
may not always solve the problem in the long term. For example, very large quantities of 
additives may be needed if the additions are to have anything more than a short term 
effect. Also, the effect of addition of such additives may be limited to a comparatively 
thin layer of soil at the surface.  
From this discussion, it is evident that remediation of degraded land can pose a huge 
financial burden on any economy. As reported by Hamed, et al., (1991), the cost of 
remediation of a contaminated land with conventional methods (for example, excavating 
and removing, landfilling, capping, soil flushing and/ or soil washing, dilution and 
leaching etc) was estimated to cost up to or even greater than $1500 per cubic meter in 
the US in 1990. Obviously, in view of the high cost of the land, limited resources and the 
fact that contamination can occur in densely populated areas occupying prime lands, 
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there is a great need of  development of more effective, less costly and rapid 
remediation technologies (Hamed, et al., 1991; Wilson & Clarke, 1994).  
 
2.9 CONCLUSIONS 
 
Soil salinity and rising groundwater table is a significant environmental threat in Australia 
with almost 6% of Australia’s land mass affected. Apart from the significant effects on 
agricultural productivity, the rising groundwater table and subsequent volumetric 
changes in clayey soils leads to severe structural damages to built infrastructure such as 
roads, rail, embankments, houses and underground structures, with significant costs to 
Australia’s economy. Although there are long term approaches to address salinity 
threats, an obvious need exists for short term, cost effective methods to minimise the on 
going and increasing destructive effects of salinity on infrastructure already under threat.  
Soil sodicity is identified as a more significant form of land degradation and severe 
environmental problem in Australia with one third (~30%) of land mass affected by sodic 
soils. The excess amounts of Na ions lead to soil dispersion and complete collapse of 
soil structure resulting unstable soils with reduced infiltration, reduced hydraulic 
conductivity and low soil strengths and also easily subjected to erosion and 
waterlogging. In order to satisfactorily address the problems associated with soil 
sodicity, efficient and effective removal methods of Na ions from soils is needed.  
Electrokinetics has been identified as a viable, rapid and cost effective in-situ soil 
remediation technique, in terms of contaminant transport and removal from affected 
lands. Majority of the studies reported in the literature has been carried out using low 
salinity soils while a limited number of studies are also found appraising the potential of 
this technique to treat saline-sodic soils (high salinity soils). In general, these studies 
have shown that using this technique, water can be effectively removed from low 
permeable clay soils while many charged chemical species can also be removed with 
promising degree of efficiency. In the next chapter a detailed discussion is presented on 
electrokinetics as a soil remediation and treatment technique. 
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CHAPTER 3 
 
 
ELECTROKINETIC (EK) SOIL TREATMENT 
 
 
 
3.0 INTRODUCTION 
 
As discussed in the preceding chapter (Chapter 2), in Australia, soil salinity and soil 
sodicity are identified as major forms of land degradation with an obvious immediate 
need for efficient and effective remediation techniques, particularly for short to medium 
term salinity management and mitigation approaches while in general, remediation of 
contaminated land and restoration of soil physicochemical properties is an 
environmental issue of worldwide significance and a major challenge ahead of geo-
environmentalists. 
 
The use of electrokinetic (EK) treatments, which is also being referred as 
electrochemical treatment, electrochemical restoration, electroremediation, electrokinetic 
soil processing, etc, to remediate contaminated land is a promising methodology that is 
being researched in many parts of the world and currently being practised in some parts 
of the Europe and US as a viable in situ soil remediation and treatment method (Acar, et 
al., 1994; Kim, et al., 2001; Pamukcu, 1997; Pamukcu & Wittle, 1992; Shariatmadari, et 
al., 2001). This method has proved to be a satisfactory technique to expedite the rate of 
transport of various ionic species and water across the soil, in particular in the 
remediation of low permeable soils.   
 
In this chapter, principles and basic theories of electrokinetic soil remediation is 
discussed.  
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3.1 BASIC THEORIES OF ELECTROKINETIC PROCESSES IN CLAY SOILS 
 
In electrokinetic soil treatment, a direct electric current (d.c.) is applied via electrodes to 
pass through the soil porous media. When a direct current is applied to soil, it stimulates 
the migration of pore fluid, electricity, ions and fine particles across the soil towards the 
oppositely charged electrode. The simultaneous flows of fluid, electricity and other 
chemical species in soil consequently creates a chemical (concentration) gradient, 
hydraulic gradient and an electrical gradient across the soil thus creating a combined 
(coupled) effect of a chemical, hydraulic and electrical (CHE) gradient. The magnitude of 
the CHE gradient alters the rates of flow of various species through the soil. As a 
consequence of the species migration through porous media, many fundamental 
mineralogical properties of soil get modified and subsequently affect the physical 
characteristics of the soil.  
 
These electrokinetic processes in soils occur primarily due to presence of fine particles 
within the soil; i.e. clay particles that posses specific mineralogical properties and hence 
electrically and chemically active. The presence of DDL of clay minerals gives rise to 
several electrokinetic phenomena in soil. 
 
There are four basic electrokinetic phenomena, which together make up electrokinetic 
soil processing. They are;  
(i) electrolysis (chemical reactions associated with the electric field), 
(ii) electroosmosis (transport of pore fluid under an electric gradient),  
(iii) electrophoresis (transport of charged particles, usually micelles or colloids under 
an electric gradient) and  
(iv) electromigration (transport of ionic species under an electric gradient) (Acar, 
1992).  
 
Out of these electrokinetic processes, electroosmosis, electrophoresis and 
electromigration are the major three electrokinetic transport mechanisms of species 
across the porous media of soil. 
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3.1.1 Electrolysis 
 
Electrolysis is the process of chemical reactions associated with the electric field. When 
a direct current is applied, water in the immediate vicinity is electrolysed and oxidation 
occurs at the anode, generating an acid front while reduction takes place at the cathode 
producing a base front. 
 
2H2O – 2e
-  =>  O2  + 4 H
+   E0 = -1.229 anode 
 
2H2O + 2e
-  =>  H2  + 2 OH
-  E0 = -0.828 cathode 
 
where E0 is the standard reduction electrochemical potential, which is a measure of the 
tendency of the reactants in their standard states to proceed to products in their 
standard states.   
 
The prevailing of electrolysis reactions at the electrodes depends on the availability of 
chemical species and the electrochemical potentials of these reactions. Although some 
secondary reactions might be favored at the cathode because of their lower 
electrochemical potential, the water reduction half reaction (H2O/H2) is dominant at early 
stages of the process (Alshawabkeh, 2001).  
 
These electrolysis reactions cause the pH to decrease at the anode and increase at the 
cathode. Eventually, the acid front generated at the anode advances across the 
specimen towards the cathode by the combined effect of  
(i) advection under the hydraulic potential difference, 
(ii) advection due to electroosmosis, 
(iii) diffusion due to concentration gradients and 
(iv) migration under an electrical gradient. 
 
The base developed at the cathode advances towards the anode by  
(i) diffusion and  
(ii) ionic migration. 
 
However, the counter flow due to electroosmosis retards the migration of base front. The 
advance of base front is slower than the advance of the acid front because of the 
counteracting electroosmotic flow and also because the higher ionic mobility of H+ which 
is about 1.76 times that of OH- (Alshawabkeh, 2001). As a consequence, the acid front 
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dominates the chemistry across the specimen except for small sections close to the 
cathode (Acar, et al., 1990; Acar, et al., 1994; Alshawabkeh & Acar, 1992). Studies by 
Eykholt & Daniel, (1994), Hamed, et al., (1991), Yeung & Dalta, (1995), showed that 
while acid production enhances the process development of a high pH zone at the 
cathode it adversely impacts extraction of heavy metals from soils.  
 
With the development of the pH gradient the geochemical reactions in the soil pores 
such as precipitation/dissolution, sorption, redox and complexation get affected as these 
reactions are highly dependent upon the pH condition generated by the process. This 
can significantly impact the progression of electrokinetic processes and can either 
enhance or retard the EK process. For example, formation of the high pH zone near 
cathode could lead to precipitation of heavy metals in to metal hydroxides and sorption 
in to clay inter sites. This can prevent their transport and could limit extraction of these 
metals and subsequently retard the electrokinetic processes. Complexation could 
reverse the charge of the clay mineral and might reverse direction of migration. On the 
other hand, the advancement of the acid front from the anode towards the cathode 
assists in desorption and dissolution of metal precipitates thus enhances the EK 
processes.  
 
Development of this pH gradient (acid/ base profile) and its effects on the species 
transport through clay medium have been discussed in detail and well documented by 
many researchers (for eg. Acar & Alshawabkeh, 1993; Acar, et al., 1990; Eykholt & 
Daniel, 1994; Pamukcu & Wittle, 1992, etc.). In conclusion, it has been shown that the 
pH gradient developed across the porous medium effects the flow, flow efficiency and 
the extent of ion migration whilst it could also have significant effects on other complex 
electrokinetic processes. 
 
3.1.2 Electroosmosis 
 
Electroosmosis is the movement of water under an electric field. When a direct current is 
applied to a soil, electroosmotic flow occurs. Electroosmosis is recognised as the 
primary and major electrokinetic phenomena responsible for species transport through 
porous media. 
 
This electrokinetic phenomenon was first discovered by Reuss in 1808. The 
phenomenon was treated analytically by Helmholtz in 1879 and was later modified by 
Pellat in 1904 and Smoluchowski in 1921. The theory is widely known as Helmholtz – 
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Smoluchowski (H-S) theory and is the most commonly used theoretical description of 
electroosmosis. 
  
 Helmholtz – Smoluchowski theory describes that the electroosmotic flow through 
capillaries occurs in clay soils primarily due to the existence of DDL. This theory 
distinguishes between the relatively mobile layer and the fixed layer of the thin water film 
(DDL) around a charged clay particle. Under an imposed electrical gradient, the mobile 
part of the DDL moves towards the negatively charged electrode. The movement of the 
mobile part of the DDL imparts a viscous drag on the free water in the porous medium 
and thus advances the mobility of water (see Figure 3.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Comparison of electroosmotic flow with hydraulic flow in a capillary  
(from Casagrande, 1951) 
 
According to H-S theory, the electroosmotic flow under an applied electric gradient is 
given by, 
 
            (3.1) 
         
where Qe is the electro-osmotic rate flow of water,  
ε  is dielectric constant,  
ζ  is zeta potential (V/cm),  
η is viscosity of water (cm2/s),  
ie is electrical potential gradient (V/cm) and  
A′ is cross sectional area available for electroosmotic flow (cm2).  
A ei
 π 4
ζ ε
eQ ′η
=
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Since the actual flow of water is through the void spaces only, the effective cross 
sectional area A’  becomes, 
 
A′ = n A          (3.2)
          
where  n is the porosity of the soil and  
A is gross cross sectional area perpendicular to the direction of flow (cm2). 
 
Then the electroosmotic flow is expressed as, 
 
                     (3.3) 
 
 
In analogy to Darcy’s law, this relationship is presented as, 
 
A i kQ eee =           (3.4) 
 
where ke is electroosmotic coefficient of permeability (cm
2/V/s) which can be expressed 
as, 
 
         (3.5) 
 
The rate of electroosmotic flow is controlled by the coefficient of electroosmotic 
permeability of the soil (ke) which is a measure of the fluid flux per unit area of the soil 
per unit electric gradient. The value of ke is a function of the zeta potential of the soil-
pore fluid interface, the viscosity of the pore fluid, soil porosity, and soil electrical 
permittivity. 
 
The efficiency of electroosmotic flow, in terms of the amount of water transported per 
unit current, can be quantified as the electroosmotic water transport efficiency ki 
(cm3/Amp/s) (Hamed, et al, 1991; Acar, et al, 1994). This can be calculated using, 
 
          (3.6) 
       
where ki is coefficient of water transport efficiency (cm
3/Amp/s) and I is current (Amp).  
 
I
eQ
I
 Aei  ek
ik ==
 Aei
 π 4
ζ ε
eQ η
=n
η
=
 π 4
ζ ε
ek n
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According to H–S theory, the electroosmotic flow under an electrical gradient is directly 
related to zeta potential (ζ) of the soil. With the development and migration of acid and 
base fronts the ionic concentration of the pore fluid and pH of the soil change and 
consequently affect the ζ of the soil. Therefore, changes in the ionic concentration and 
subsequent development of pH gradient have been identified as the dominant factors 
that control the electroosmosis flow through clay soils.  
 
Eykholt & Daniel, (1994), found that at very low pH values the zeta potential was 
reversed.  As observed by West & Stewart, (1995), the cationic contaminants (lead II in 
their case) at levels above the cation exchange capacity of the soil caused a reversal in 
zeta potential at mid range pH values. They noted that there were significant differences 
in results between researchers about the effects of pH and cationic concentrations on 
zeta potentials. However, generally it has been found that a lowering of the pH will 
reduce the magnitude of the zeta potential although it may or may not reverse it. 
   
Electroosmosis is slowed down as the concentration of ions in solution increases.  
Increased ionic concentration of the pore water reduces the thickness of the DDL so the 
moving force exerted on it is not as great and it does not drag as much of the free water 
with it. Therefore it can be expected that electroosmotic flow may not significant in saline 
soils due to high ionic concentration in the pore solution. 
 
Unlike the hydraulic permeability, it has been shown that the electroosmotic permeability 
is largely independent of the particle size distribution, pore/capillary size of the porous 
media, or the presence of macro pores, the tortuosity of capillary structure of the soil 
(Pamukcu, 1997). It has also been shown that electroosmotic conductivity of clays is 
often several orders of magnitude higher than their hydraulic conductivity. Moreover, 
according to Casagrande, (1951), values of electroosmotic permeabilities do not vary 
much among different clay soils and range from about 10-6 to 10-5 cm2/Vs with average 
values around 5x10-5  cm2/Vs.  The studies conducted by Jayasekera, (2004), also show 
that for both bentonite and kaolinite clays, the electroosmotic permeabilities varied 
around 5x10-5 cm2/Vs confirming that the electroosmotic permeability is independent of 
the type of clay and their hydraulic conductivities. Therefore electroosmosis appear to 
be an efficient method to generate a uniform fluid and mass transport in different clay 
soils and thus can have a significant impact on remediation of contaminated land.  
 
The effect of electroosmosis decrease significantly with time when pH and zeta potential 
drops in the later stages of the electrokinetic process. The constant electrokinetic 
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potential term in the H-S theory varies with soil pH and ionic concentration of the pore 
fluid (West & Stewart, 1995), which do not remain constant during electrokinetic 
treatment of soils.  
 
3.1.3 Electromigration 
 
Electromigration is the migration of ionic species present in the pore fluid as well as the 
migration of H+ and OH- ions produced due to electrolysis (Pamukcu & Wittle, 1992). 
This migration is responsible for conducting the current in a soil – liquid medium. As ions 
migrate toward an electrode, they can drag layers of water molecules, which may be of 
significant quantity if the ionic concentration of water is high.  
 
As proposed by Acar & Alshawabkeh, (1993), the migration of ions can be quantified 
using; 
 
J = u c ie          (3.7)
   
where J is mass flux (migration) of ionic species,  
u is effective ionic mobility (m2/Vs),  
c concentration of ionic species and  
ie is electrical potential gradient (V/cm). 
 
Depending on the charge, electromigration can cause ions to flow towards either anode 
or cathode. 
 
The relative contribution of electroosmosis and ion migration to the total mass 
transported varies according to soil type, water content, types of ion species, pore fluid 
concentration of ions and processing conditions.  
 
3.1.4 Electrophoresis  
 
Electrophoresis is the transport of charged particles, usually micelles or colloids, relative 
to a stationary liquid. The electrophoretic mobility is proportional to the electrical gradient 
and the charge on the species in question and it is inversely proportional to the viscosity 
in the media (particle size, concentration and fluid viscosity influence the media 
viscosity).  
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A very short time after the application of the electric gradient, the electrical force on the 
charged particle is balanced by the resultant of the hydrodynamic frictional force, 
electrophoretic retardation force and relaxation force on the particle (Yeung, et al., 
1995). As the force on the particle is zero in a finite amount time, namely the relaxation 
time, the particles move with a constant velocity proportional to the strength of the 
applied electrical gradient.  
 
The electrophoretic mobility of clay particles i.e. migration velocity of the particles under 
the influence of unit electric field in a very dilute suspension is reported to be generally 
in the range of 1 x 10-8 to 3 x 10-8 m2/Vs (van Olphen, 1977, cited by Yeung, et al., 
1995). Because of the negative charge on clay particles, electrophoresis is towards the 
anode.    
 
3.2 EXAMPLES OF THE USE OF EK TECHNIQUE FOR SOIL TREATMENT / 
REMEDIATION 
 
After gaining a widespread interest in recent years as an in situ soil remediation and 
stabilisation technique, electrokinetics has also been investigated for their potential 
application to remove various contaminants from soils with low salinity (Eykholt & 
Daniel, 1994; Rodsand, et al., 1995; Yeung & Dalta, 1996). Several laboratory 
experiments and some field scale pilot studies have demonstrated promising removal 
efficiencies of various chemical species from clay soils (Acar & Alshawabkeh, 1996; 
Acar, et al., 1994; Hamed, et al., 1991; Lageman, 1993; Lageman, et al., 1990; 
Pamukcu & Wittle, 1992; Reddy & Saichek, 2004; Reddy & Shirani, 1997; 
Shariatmadari, et al., 2001). Some of the reported research work includes the removal of 
metals such as arsenic (Pamukcu & Wittle, 1992; Lageman, et al, 1990) and cadmium 
(Pamukcu & Wittle, 1992; Acar, et al, 1994); removal of Pb(II) from kaolinite (Hamed, et 
al, 1991), removal of Pb from Norwegian marine clay (Rodsand, et al, 1995);  
remediation of soil polluted with Cu, Cr, Hg, Pb and Zn (Hansen, et al., 1997), removal 
of heavy metals from soils (Kim, et al, 2001; Reddy, et al, 2001; Pamukcu & Wittle, 
1992) and extraction of inorganic species from clays (Pamukcu, et al, 1997). Table 3.1 
summarises some recent studies on electrokinetic soil remediation. 
 
More recent studies have proved the versatility and effectiveness of this technique in 
practice as a viable in situ soil remediation and treatment method. However, majority of 
these studies are focused on removal of heavy metals such as arsenic, zinc, lead, 
copper etc. This may be due to the greater understanding of their toxicological 
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importance in ecosystems and for human health, and their readily response to the 
technique. Limited field scale experiments reported by Lageman, (1990), to remediate 
some heavy metals such as arsenic, copper and lead have demonstrated similar results 
found in bench scale experiments. 
 
3.2.1 Desalinisation Using Electrokinetics 
 
Majority of the studies reported in the literature has been carried out using low salinity 
soils while a limited number of studies are also found appraising the potential of this 
technique to treat saline-sodic soils (high salinity soils). These investigations include the 
field scale desalinisation work in the US by Collopy in 1958 (cited by Lageman, et al., 
1990) with the view of enhancing agricultural productivity of degraded soil. This project 
has demonstrated that electrokinetic processing together with the introduction of 
gypsum at the anode could improve the soil structure that could lead to higher crop 
production. This is the only field scale implementation of EK techniques for remediate 
salt affected land found in the literature. More recent laboratory studies on salt affected 
soils include work by Jayasekera & Hall, (2005), Jayasekera, et al., (2004), Sadrekarimi, 
(2005) and Sadrekarimi & Sadrekarimi, (2003), on dispersive and/ or sodic soils,  
Pamukcu, (1997) and Pamukcu, et al., (1997), on soils contaminated with salts or salt 
ions and (Lo, et al., 2000; Micic, et al., 2002) on soft marine soils. While there is a 
general understanding about the potential of this technique to treat saline-sodic soils in 
terms of contaminant removal with a reasonable degree of success, only very limited 
studies have appraised the effects of electrokinetic treatments on the engineering 
properties of the treated soils (for eg. Jayasekera & Hall, 2005; Jayasekera, et al., 2004; 
Lo, et al., 2000; Micic, et al., 2002; Sadrekarimi, 2005; Sadrekarimi & Sadrekarimi, 
2003), the information that would be of particular interest in the improvement of salt 
affected lands for infrastructure development or in mitigating the effect of salinity on 
existing infrastructure. 
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Table 3.1 Some reported studies of contaminant removal using electrokinetics 
Contaminant 
group 
Species Soil type Reference 
As Kaolinite 
Clayey river mud 
Wittle & Pamukcu, (1992) 
Lageman, et al, (1990)  
Cd Clayey fine sand 
River mud 
Kaolinite 
Kaolinite 
Kaolinite, low plastic clay 
Kaolinite, sand, bentonite 
Lageman, et al, (1990) 
Lageman, et al, (1990) 
Acar, et al, (1994) 
Kim, et al, (2001)  
Reddy, et al, (2001)  
Pamukcu & Wittle, (1992) 
Cr Clayey fine sand 
Kaolinite 
Kaolinite 
Sand 
Kaolinite, low plastic clay 
Lageman, et al, (1990) 
Acar, et al, (1994) 
Pamukcu & Wittle, (1992) 
Hansen, et al, (1997) 
Reddy, et al, (2001)  
Cu Clay, Clayey sand 
Peat, River mud 
Clayey sand 
Kaolinite 
Silty sand slurry 
Sand 
Lageman, et al, (1990) 
Lageman, et al, (1990) 
Ottosen & Hansen, (1993) 
Eykholt & Daniel, (1994) 
Runnels & Larson, (1986) 
Hansen, et al, (1997)  
Hg River mud, Clayey sand 
Kaolinite 
Sand 
Lageman, et al, (1990) 
Pamukcu & Wittle, (1992) 
Hansen, et al, (1997) 
Ni River mud, Clayey sand 
Kaolinite, low plastic clay 
Kaolinite, sand, bentonite 
Lageman, et al, (1990) 
Reddy, et al, (2001)  
Pamukcu & Wittle, (1992) 
Pb Kaolinite 
River mud, Peat 
Kaolinite 
Kaolinite 
Sand 
Hamed, et al, (1991)  
Lageman, et al, (1990) 
Pamukcu & Wittle, (1992) 
Kim, et al, (2001) 
Hansen, et al, (1997) 
Ra Kaolinite Acar, et al, (1992) 
Sr Kaolinite, sand, bentonite Pamukcu & Wittle, (1992) 
Heavy 
Metals 
Th Kaolinite Acar, et al, (1992) 
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U Kaolinite 
 
Kaolinite 
Kaolinite 
Acar, et al, (1992), Acar, et 
al, (1994) 
Acar & Alshawabkeh, (1993) 
Pamukcu & Wittle, (1992) 
Zn River mud, Clayey sand 
Silty clay 
Kaolinite 
Sand 
Lageman, et al, (1990) 
Acar, et al, (1994) 
Pamukcu & Wittle, (1992) 
Hansen, et al, (1997) 
Na,Ca, Mg Low plastic clay Sadrekarimi & Sadrekarimi, 
(2003) 
Cations, 
anions 
Na, Cl Kaolinite Pamukcu, et al, (1997)  
Salts NaCl, 
SrCl2 
Drilling mud Pamukcu, et al, (1997) 
Hydro-
Carbon 
Phenol Kaolinite Shariatmadari, et al, (2001)  
 
These data indicates that out of many common soil contaminant species such as salts, 
hydrocarbons, heavy metals etc, heavy metals such as arsenic, zinc, lead, copper etc 
have received / are receiving increasing attention. This may be due to the greater 
understanding of their toxicological importance in ecosystems and for human health 
(Hansen, et al, 1997), and their readily response to the technique. It is also noticed that 
many of these studies are limited to kaolinite clay soils. Only very limited data is 
reported for illite and montmorillonite clay soils.  
 
3.3 FLUID AND MASS FLUX THROUGH POROUS MEDIA UNDER CHE 
GRADIENT  
 
As discussed before, coupling between electrical, chemical and hydraulic gradients is 
responsible for different types of electrokinetic phenomena in soils. The coupled fluxes 
of different species due to different driving forces can be phenomenologically expressed 
as, 
 
∑
=
=
n
i
jiji XLj
1
          j = 1,2,……, n       (3.8) 
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where  ji is the flux of species I, 
 Xj is the driving force (the potential gradient), 
 Lij are the uncoupled conductivity coefficients under the driving forces of Xi and 
 Lij are the coupling coefficients (Alshawabkeh & Acar, 1992). 
 
The derivation of different fluxes is based on the assumption that the medium is 
saturated and homogeneous consisting of  
(i) clay particles with negatively charged surfaces, 
(ii) the fluid region with the excess cations (chemical species) required to balance the 
charge deficiency of the negative clay surface forming DDL and 
(iii) the free pore fluid with N chemically reactive aqueous species that are divided into 
Nc components and Nx complexes. 
 
3.3.1 Fluid Flux 
 
The coupled fluid flux due to hydraulic and electric gradients is given by 
 
)E(k)h(kj ehw −∇+−∇=         (3.9) 
 
where Jw is the fluid flux per unit area of the porous medium, 
 kh is the coefficient of hydraulic conductivity (LT
-1), 
 ke the coefficient of electroosmotic permeability (L
2V-1T-1), 
h is the hydraulic head (L) and  
E is the electrical potential (V). 
 
As can be noticed from this equation (3.9), the total fluid flux is dependent on the 
hydraulic conductivity and the electroosmotic permeability of the clay soil. Extensive 
research has been carried out on the hydraulic conductivity of fine grained soils with a 
relatively good understanding of the fundamental factors affecting its value. These 
studies indicate that microstructure and fabric are the factors that highly influence fluid 
transport in fine grained deposits. Other factors that affect kh include soil porosity and 
pore size distribution. Presence of uniformly distributed fine size pores result in lower 
hydraulic conductivity while presence of few macro pores result in higher hydraulic 
conductivity even if soil porosity is the same in both cases.  
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When fine grained soils are subjected to electrokinetic processing, it induces changes in 
the pore fluid chemistry, DDL, soil fabric and consequently the hydraulic conductivity. 
Furthermore, electroosmotic consolidation is expected to take place and influence the 
hydraulic conductivity value. However, in attempting to provide a mathematical 
formulation of electrokinetic soil remediation, hydraulic conductivities are generally 
assumed to be constant in time and space, mainly because  
(i) there is no clear mathematical formalism that can describe the effect of pore fluid 
chemistry on soil fabric and consequently the hydraulic conductivity and 
(ii) the uncertainties in evaluating the hydraulic conductivities are more significant than 
the changes expected in its values. 
 
Contribution of each component due to hydraulic and electric gradients is dependent 
upon the ratio of coefficient of electroosmotic permeability relative to hydraulic 
conductivity (ke/kh). Soil type, microstructure and pore fluid conditions are the factors 
that impact this ratio. In coarse grained soils, this ratio is very small and goes to zero 
due to almost nonexisting electroosmotic flow and relatively high hydraulic conductivities 
(>10-3 cm/sec) of such soils. On the other hand, in soft, fine grained soils the ratio of 
(ke/kh) becomes significant as ke is usually in the order of 10
-5 cm2/V sec while kh is less 
that 10-5 cm/sec (10-7 cm/sec for clay soils).    
 
3.3.2 Mass Flux 
 
Mass flux of different chemical species relative to pore fluid due to coupled CHE  
gradients are due to the 
(i) hydrodynamic dispersion; i.e. mass transport due to a chemical concentration 
gradient (a result of two basic phenomena; mechanical dispersion and molecular 
diffusion),  
(ii) migrational mass flux, i.e. is mass transport of charged species to electrode 
opposite in polarity due to an electric potential gradient and  
(iii) filtration or ion sieving, which is the mass transport due to hydraulic gradient.  
 
Total mass flux of dissolved species also includes the advective component due to 
species transport by the flowing fluid. 
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The total mass transport of chemical species per unit cross-sectional in a saturated soil 
medium under CHE gradient is described by, 
 
)h(kc)E()ku(c)c(Dj hie
*
iii
*
ii −∇+−∇++−∇=                (3.10) 
 
where D* is the effective diffusion coefficient of the chemical species being transported 
in porous media,  
u* is the effective ionic mobility of the transported species in porous media,  
ke is the coefficient of electroosmotic permeability,  
E is the electric field,  
kh is the hydraulic conductivity of the porous media and  
h is the hydraulic gradient (Alshwabkeh & Acar, 1992).  
 
The effective diffusion coefficient, D*, of a porous medium is related to the diffusion 
coefficient in free solution, D, tortuosity of the porous medium, τ, by; 
 
τ=∗ DnD                    (3.11)
       
where τ  has a value that typically ranges from 0.2 to 0.5 (Shackelford & Daniel, 1991 
cited by Kim, 1998).  
 
Tortuosity is determined empirically by performing diffusion tests on chemicals with 
known D (usually from tables) and using the conventional advective-diffusive transport 
equation to solve for D*. The value for τ is then back calculated from the above 
Equation.  
 
The tortuosity factor has also been expressed as a function of porosity, n, of the medium 
as given by (Millington & Quirk, 1961, cited by Kim, 1998);  
 
3
4
n=τ                    (3.12)
        
 
 
 
 
Chapter 3        Electrokinetic Soil Treatment  
 
 
Samudra Jayasekera                                                       PhD Thesis                                                                    Page 59 
 
                                                                          
When tabulated values of D are not available, they may be estimated from data on 
chemical species that are similar to the species under consideration by , 
 
21
1
1 





=
MW
MW
DD                   (3.13)
        
where D1 and MW1 are the diffusion coefficient and molecular weight of the similar 
chemical species, respectively (LaGrega, et al, 1994, cited by Kim, 1998).  
 
The effective ionic mobility, u*, indicates the velocity of an ion in the medium pores 
under a unit electric field. It has been related to the ionic mobility in free solution, u, and 
effective diffusion coefficient, D*, by the Nernst-Einstein equation as given by, 
RT
FzD
unu
∗
∗ =τ=                   (3.14)
       
where  z is the charge of the ionic species,  
F is Faraday's constant (96,485 C/mol),  
R is the universal gas constant (8.314 J/K-mol) and  
T is the absolute temperature (K).  
 
Although the mass transport of ions through soils is due to direct and coupling effects of 
electrical, hydraulic and concentration gradients, these potential gradients are not 
constants and they vary in space and time during the process. The coefficient of volume 
compressibility, the electrical capacitance of the soil, and the conductivity coefficients 
are the fundamental factors controlling the rate of the changes in these potentials.  
 
3.3.3 Numerical Modelling of Contaminant Transport under EK Processes 
 
Based on the findings and results of these investigations, a number of models have also 
been proposed to demonstrate the transportation (migration efficiencies) of various 
chemicals through clay soils under a CHE gradient (eg. Acar, et al., 1990; Acar, et al., 
1994; Alshawabkeh & Acar, 1992; Shapiro & Probstein, 1993).  
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As formulated by Alshawabkeh & Acar, (1992), the mass balance on the transport of 
chemical species under an applied electric field results in the change in concentration of 
chemicals, with time, is given by,   
 
( ) nRJ
t
c
n +∇−=
∂
∂
                  (3.15) 
 
where  n is the soil porosity,  
c is the concentration of the chemical species being transported,  
t is the time,  
J is the total flux and  
R is the reaction term for the chemical species being transported which includes 
sorption, dissolution/precipitation, aqueous phase reactions, and other 
processes that affect transport through the media pores.  
 
The reaction term, R, considering the only the sorption can be given by,  
 
t
c
c
s
nt
s
n
R
∂
∂
∂
∂ρ
−=
∂
∂ρ
−=                  (3.16) 
 
where ρ is the dry density of the porous medium and  
s is the sorbed concentration (Alshawabkeh, 2001).  
 
Considering a linear adsorption isotherm, 
 
dK
c
s
=
∂
∂
                   (3.17) 
 
where Kd is the distribution coefficient between the chemical species and the surface of 
the porous medium. This coefficient indicates how much of the chemical species 
becomes sorbed to the surface of the porous medium.  
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The one-dimensional contaminant transport model is developed by substituting fluid and 
mass transport equations in to the mass balance equation which results, 
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  (3.18) 
(Kim, 1998) 
where  c is the concentration of the chemical species being transported,  
t is the time,  
ρ is the bulk dry density of the porous medium,  
n is the soil porosity,  
Kd is the distribution coefficient between the chemical species and the surface of 
the porous medium,  
D* is the effective diffusion coefficient of the chemical species being transported 
in porous media,  
u* is the effective ionic mobility of the transported species in porous media,  
ke is the coefficient of electroosmotic permeability,  
E is the electric field,  
kh is the hydraulic conductivity of the porous media and  
h is the hydraulic gradient. 
 
This equation is then solved simultaneously with equations for conservation of fluid flux 
and conservation of charge (Alshawabkeh & Acar, 1992). This model demonstrates the 
rate of one dimensional transport of chemical species through clay soils under a coupled 
CHE gradient. 
 
It has been noticed that although this model yields satisfactory results in some 
situations, its use and validity is limited only to some specified circumstances. Some of 
the limitations of this model are,  
(i) The model considers only the sorption as the only transport mechanism of charged 
species through porous media while several other prominent processes such as 
dissolution and precipitation are ignored. 
(ii) It does not take into account the possible aqueous phase reactions that may 
influence on the rate of transport of charged species through porous media. 
(iii) It has not been tested for variety of different clay types and different contaminant 
species. 
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Most of the analytical work reported in the literature, including the model cited above 
focuses around modelling and quantification of the rates of flow of some chemicals, 
especially heavy metals, through some clay soils, mostly kaolinite. Despite the 
significant research conducted in the 80’s and 90’s, the fundamentals of the process are 
not yet well understood. This may be due to the fact that most of these studies are 
conducted to demonstrate the feasibility of the remediation process and not to 
investigate the fundamental physicochemical and geochemical processes. The rates of 
electroosmosis and ionic migration in soils under heterogeneous, anisotropic, and 
partially saturated soils are not easy to establish. Even in homogenous and saturated 
conditions, the complex geochemical reactions make it difficult to predict transport rates. 
Although In most cases these reactions are assumed instantaneous, they are time 
dependent and their rates significantly impact time and energy requirements.  
 
3.4 EK EFFECTS ON SOIL PHYSICAL PROPERTIES 
 
Although there are considerable amount of literature available reporting and discussing 
the changes in chemistry of porous media with EK processing, only very limited studies 
have investigated changes in soil physical properties with EK processing. 
 
There are reported instances extending back to 1930’s, although limited in number, 
about the use of electrokinetics to improve the engineering characteristics of soil, 
dewater and stabilize, expedite the process of consolidation and to improve the shear 
strength (Casagrande, 1951). Some of the documented evidences of use of 
electrokinetics to improve physical properties of low permeable, fine grained soils 
include, improving stability of excavations (Chappell & Burton, 1975); backfill 
strengthening and slope stabilisation (Chappell & Huggins, 1998), strengthening of 
slimes by dewatering and electrogrouting (Chappell & Huggins, 1997), increasing pile 
strength (Butterfield & Johnston, 1980); stabilisation of fine grained soils (Mitchell & 
Wan, 1977); dewatering of foams, sludges and dredgings (Lockhart, 1981; Lockhart, 
1983a; Lockhart, 1983b); soil drainage and ground water lowering (Johnston, 1977); 
determination of volume change and consolidation characteristics of soils (Banerjee & 
Mitchell, 1980); separation and filtration of materials in soils and solutions (Yukawa, et 
al, 1971 cited by Hamed, et al, 1991), acceleration of consolidation settlements 
(Bergado, et al., 2000; Ewers, et al., 2002; Johnston & Butterfield, 1977), reinforcing 
geosynthetics (Craig, 1997), rock joint reinforcing (Chappell & Croggon, 1997), 
improvement of physical properties of an expansive soil (Abdullah & Al-Abadi, 2005) and 
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the treatment of dispersive soils (Jayasekera & Hall, 2005; Jayasekera, et al., 2004; 
Sadrekarimi, 2005; Sadrekarimi & Sadrekarimi, 2003). 
 
Studies conducted by Lo & Hinchberger, (2006), Lo, et al., (2000) and Micic, et al., 
(2002), on the electrokinetic strengthening of a soft marine soil are among very limited 
number of studies looking at EK effects on soil strength. Lo, et al., (2000) demonstrate 
increases in soil strength closer to and in the vicinity of electrodes (up t0 135% at anode 
and up to 200% at cathode) with EK treatments. A small strength increase of about 20% 
is reported in the middle section between the electrodes, which is identified as a result of 
mechanical consolidation, not due to EK effects. They reasoned out that the significant 
increase in the soil strength at the electrode vicinity is attributed to electrokinetic 
processes, dominantly the electrokinetic dewatering, that significantly lowered the water 
content in the vicinities of electrodes leading to higher water contents in the central 
portion of the sample. However sufficient justification and explanation is lacking about 
the variation of moisture content in this manner when subjected to EK processing. They 
acknowledge that while EK dewatering is the dominant process that is accountable for 
strength increase, other EK processes such as electromigration and ionic diffusion also 
contribute to strength increases. The study conducted by Micic, et al., (2002) reports 
significant strength increases at the electrodes, up to 185% at anode, up to 80% at 
cathode and up to 30% at the centre. They concluded that the increase in the shear 
strength at the anode is due to electroosmosis whereas the strength increase in the 
cathode region is resulted from cementation due to precipitation of amorphous 
cementing agents. 
 
Conversely, the results reported by Bergado, et al., (2000) in investigating  
electroosmotic consolidation of soft Bangkok clay using two types of apparatus, a small 
electroosmotic cylinder cell with prefabricated vertical drains and a modified large 
consolidometer both subjected various voltage gradients and polarity reversal durations 
revealed that the strength is increased almost in the entire region across the electrodes 
with comparatively larger increases at anode due to a corresponding higher decease in 
water content in this region. According to the conclusions made by Bergado et al. 
(2000), the strength increase is purely due to electroosmotic dewatering with no 
appreciation of potential contributions from any other EK related process. Bergado, et 
al., (2000), also observed noticeable increases in the rate of consolidation of a soft 
Bangkok clay subjected to electroosmotic consolidation under various voltage gradients 
and polarity reversal.  
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From the available results, it is also noted that the changes of Atterberg limits after 
electrokinetic treatment are somewhat inconclusive although they appear to depend on 
the soil type and pore fluid chemistry. For example, Lo, et al., (2000), in an investigation 
of electrokinetic strengthening of a soft marine sediment report significant reductions in 
LL and some reductions in PL both at anode and cathode, which lead to a decrease in 
PI. Similar observations of increase in LL and PL after electrokinetic treatment are 
reported by Bjerrum, et al., (1980), while Gray, (1970), found that electrokinetic 
treatment reduced the liquid limits of the bentonite-silica flour. According to Bergado, et 
al., (2000), with EK treatment, LL and PL increase resulting an increase in PI whereas 
Rogers, et al., (2003), found an increase in LL near electrodes and decrease in PL at 
anode and an increase in PL at cathode. Sadrekarimi & Sadrekarimi, (2003), in 
electrokinetic stabilisation of clay soils using lime revealed increases in LL and PL that 
produced a decrease in PI.  
 
Any models to predict the effects of electrokinetics on physical characteristics of soils 
are almost non existent. These limitations in the knowledge may be due to the still 
novice and emerging status of research and development work in this area. This 
signifies that there is a clear scope and strong need for the field and laboratory 
experiments to be extended to include variety of common contaminant species and 
different soil types which would help the development of electrokinetic treatments as a 
viable soil remediation and treatment method.  
 
3.5 FACTORS AFFECTING AND SOME PRACTICAL CONSIDERATIONS OF EK 
PROCESSING 
 
A limited number of studies have looked into practical considerations for field 
implementations and the factors affecting EK processing. It is identified that the soil type 
and contaminant type are the primary controlling factors. The development of the 
extreme pH conditions at electrodes is identified as another significant and important 
phenomenon in EK processing that requires careful consideration. Other factors known 
to influence the EK processing include voltage gradients, electrode spacing and required 
processing time durations. 
 
3.5.1 Soil Type 
 
It has been shown that the EK processes can be successful in fine grained soils and 
even for fine sandy soils (Alshawabkeh, 2001). The primary factors that could influence 
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the contaminant transport rates through porous media and the efficiency of the process 
are typically the mineralogical and chemical composition of the soil. For example, Reddy 
& Shirani, (1997), demonstrated that presence of iron oxides in glacial till creates 
complex geochemical conditions that retards Cr(VI) transport while the same study 
showed that presence of iron oxides in kaolinite and Na-montmorillonite did not seem to 
significantly impact Cr(VI) extraction. According to Mewett, (2005), the presence of 
relatively high amounts of iron potentially bound Arsenic, thus rendering it immobile. The 
studies of Pamukcu & Wittle, (1992), in removing Cd2+, Co2+, Ni2+, and Sr2+ from different 
soil types demonstrated a higher removal efficiency for kaolinite while Na-
montmorillonite showed the lowest removal efficiency. Studies by Pamukcu & Wittle, 
(1992), and Reddy & Shirani, (1997), suggest factors such as high water content, high 
degree of saturation, low ionic strength and low activity as some of the other favourable 
factors that could enhance the contaminant transport by electroosmotic advection and 
ionic migration. According to the studies of Alshawabkeh, et al., (1999), highly plastic 
soils, such as illite, montmorillonite, or soils that exhibit high buffering capacity require 
excessive acid and/or enhancement agents to desorb and solubilize contaminants 
before they can be transported through the porous media and removed. As a result such 
soils require excessive energy in removing contaminants through porous media.  
 
3.5.2 Contaminants Type and Concentrations 
 
Significant number of research carried out with various contaminant types has indicated 
promising degree of removal efficiencies. These studies show that the type of 
contaminant does not pose a significant limitation on the EK technology provided it does 
not exist in an immobile form, e.g., sorbed on the soil particle surface or precipitated in 
the soil pore. For example, Mewett, (2005), showed that arsenic V is potentially less 
mobile than arsenic III as the former is highly sorbed on to the clay surface. 
 
3.5.3 Development of pH Gradient   
 
Development of extreme pH conditions at the electrodes is identified as a significant 
factor in EK processing. Several procedures have been proposed to control the extreme 
pH conditions so that migration of heavy metals and radionuclides are enhanced which 
otherwise tend to precipitate and render immobilisation. Some of these procedures 
attempt to control production of hydroxyl ions at the cathode (for example, by using 
weak acids or ion selective membranes (Rodsand, et al., 1995). According to 
Alshawabkeh, (2001), the use of chelating or complexing agents, such as citric acid has 
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been demonstrated to be feasible in extracting different types of metal contaminants 
from fine grained soils  Some researchers have also shown that the hydrogen ion 
generation and acidification at the anode should also be controlled, as acidification of 
the soil could lead to mineral dissolution and subsequently increase ionic strength and 
electric conductivity of the soil (Acar & Alshawabkeh 1993). As this process is known to 
retard the contaminant transport (due to most of the energy being consumed by 
generation and migration of this ion between the electrodes rather than the transport of 
charged contaminants), developing effective techniques to control the acid production at 
the anode is important requirement in EK processing. 
 
Although there are number of methods proposed and tested to be satisfactory in 
controlling the extreme pH conditions, the practicality and effectiveness of these 
procedures beyond the controlled laboratory environments is yet to be investigated.  
 
3.5.4 Voltage and Current Levels 
 
In general, electric current intensities used in most reported studies (eg. Acar, 1992; 
Acar, et al., 1994; Mewett, 2005; Pamukcu, 1997; Reddy & Saichek, 2004, etc.) are in 
the order of a few Amps per square meter. Alshawabkeh, (2001), proposed a voltage 
gradient in the order of 100 V/m as an initial estimate for initial processing. These 
studies have shown that selection of the most appropriate current density and/ or 
voltage gradients depends on the soil electrochemical properties, especially electric 
conductivity, as soils with higher electric conductivities require more charge and higher 
currents than lower conductivity soils (Alshawabkeh, 2001). Other factors such as 
contaminant type and concentration, soil mineralogical and chemical composition, 
electrode spacing and processing duration etc., are also identified to influence the 
required voltage and current levels. Although increasing the current densities (or voltage 
gradients) may increase the transport rates of ionic species, they can also lead to other 
system complications that could hinder the process. Moreover, increasing current 
densities increase the energy expenditure and hence the cost of the process. As such, 
the optimum current density or voltage gradient should be selected based on these 
considerations and this would require a trial and error approach. 
 
3.5.5 Electrode Requirements and Configuration  
 
According to Alshawabkeh (2001), placing electrodes in bore holes is expected to 
provide an optimum and cost effective method for in situ application of electric fields. In 
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general, electrodes can be placed in a hexagonal or square configuration to achieve axi-
symmetrical (or radial) flow towards a centrally located cathode electrode. Locating the 
cathode as the centre electrode allows accumulation of the cationic contaminants in a 
smaller zone around the cathode. Outer electrodes (anodes) can be placed at specific 
distances from the centre cathode to achieve relatively radial flow. Hexagonal 
(honeycomb) electrode configuration consists of a centre cathode surrounded by six 
anodes. The square configuration consists of a cathode and four (or possibly eight) 
anodes surrounding the cathode.  
 
The most common problem associated with electrode configuration is development of 
inactive (dead) electric fields between the anodes and the cathodes depending on the 
configuration selected. Therefore electrode configuration and spacing should be 
designed to minimise the area of inactive electric field. It is necessary to select the 
configuration with the optimum number of electrodes per unit area while minimizing the 
area of the ineffective electric fields, to minimise the costs of electrodes. 
 
3.5.6 Processing Time  
 
For a given soil type and contaminant type, the required processing time will depend on 
the current and voltage levels, electrode configuration and spacing.  
 
3.5.7 Cost 
 
The total costs associated with field implementation of electrokinetic remediation can 
include cost of electric energy, cost for fabrication and installation of electrodes, cost of 
enhancement agents, if necessary, costs of any post-treatment, if necessary, and other 
fixed costs (Alshawabkeh et al., 1999). 
 
The cost of electric energy depends on soil properties, contaminant properties, electrode 
configuration and processing time. The cost of electrodes depends on the electrode 
material, dimensions, electrode configuration and spacing. The installation costs depend 
on the method of installation, depth of the electrodes to be installed, and number of 
electrodes to be installed. Unless the anode corrosion in an acidic environment is either 
controlled or acceptable, inert electrodes, such as graphite should be used as the anode 
electrode. In some circumstances, it may be possible to use sacrificial electrodes as the 
anode. The cathode electrode can be any conductive materials that do not corrode in a 
neutral or basic environment. The cost of enhancement agents and chemicals that 
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would be used to improve the efficiency of electrokinetic remediation (either neutralizing 
pH conditions, or enhancing solubility of contaminants, or both) may depend on the soil 
and contaminant characteristics. According to Alshawabkeh, (2001), chemicals cost can 
be a significant component of the total cost of the processes. The cost of post treatment 
depends on the volume of the effluent to be treated. As suggested by Alshawabkeh, 
(2001), the effluent volume by can be minimised by increasing the contaminant transport 
by ionic migration and minimizing transport by electroosmosis. Other costs (fixed and 
variable) are generally typical costs of other similar field applications (equipment costs 
and other associated site costs etc). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Potential ineffective areas with various electrode configurations 
(from Alshawabkeh, 2001) 
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3.6 CONCLUSIONS 
 
Electrokinetic soil treatment technique has been identified as an effective and viable in-
situ soil remediation and treatment method. Extensive amount of significant research 
has been conducted in the past two decades, however, the fundamentals of the process 
are not yet well understood. This may be due to the fact that most of these studies are 
conducted to demonstrate the feasibility of the remediation process and not to 
investigate the fundamental physicochemical and geochemical processes.  
 
Although there are some models developed to predict solute transport through porous 
media, any models to predict the effects of electrokinetics on physical characteristics of 
soils are almost non existent. The complexity of geochemical and physicochemical 
processes activated in the porous media, when a soil is subjected to electrokinetic 
processing, makes this a difficult task. 
 
This signifies that there is a clear scope and strong need for the field and laboratory 
experiments to be extended to include variety of common contaminant species and 
different soil types which would help the development of electrokinetic treatments as a 
viable soil remediation and treatment method. 
 
In the next chapter (Chapter 4), experimental methods and materials used to investigate 
electrokinetic effects on the properties of salt affected soils are presented.  
 
 
 
Chapter 4                                                                                                                                           Materials and Method 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                     Page 70 
  
 
 
 
 
 
 
 
 
CHAPTER 4 
 
 
MATERIALS AND METHODS 
 
 
4.0 INTRODUCTION 
 
Previous chapters of this thesis (Chapter 2 and Chapter 3) presented the background 
information of the study. A review of the processes of soil contamination due to salinity 
(ingress of excess amounts of salt ions) and sodicity (accumulation of sodium ions), 
characteristics and properties of saline and sodic soils and their effects on the 
performances of infrastructure are discussed in Chapter 2. In Chapter 3, electrokinetic 
as a soil treatment is introduced and a brief description of electrokinetic processes is 
presented. 
 
With this background, a detailed investigation program was planned to identify the 
effects of electrokinetic processing on the properties of salt affected soils. The 
investigation program consisted of a comprehensive laboratory experimental program 
with the aim of identifying and evaluation of the electrokinetic effects on various 
engineering and chemical properties of the experimental soils. Majority of the laboratory 
methods involved in the investigation program was conducted in accordance with 
relevant Australian Standards. However, some experiments were modified to satisfy the 
objectives of the study while some of the experimental procedures were developed, 
where established standard procedures are not available as yet.  
 
This chapter provides a detailed description of the materials and methods used in this 
investigation. 
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4.1 MATERIALS 
 
4.1.1 Experimental Soils 
 
The laboratory experiments for this investigation were conducted on two different types 
of soils collected from two salt affected areas (farmlands) in the Ballarat region, Central 
Victoria, Australia. These two sites were selected considering their easy accessibility 
and the permission obtained from the land owners to collect reasonable amounts of soils 
from their properties as and when required. The information obtained from Department 
of Primary Industries (DPI), Victoria, confirmed that these areas suffer from both salinity 
and sodicity related problems. Figure 4.1 shows the locations of these two sites. 
 
Soil S1 (from Site 1- Mt Mercer) 
 
Soil S1 was collected from a farmland situated within the rural city limits of Mt Mercer, 
Victoria. The site is located to the west of Mt Mercer - Dereel road about 7 km from Mt 
Mercer.  According to the information gathered from the geological map of the area 
(Mercer 7622-2 zone 54), the geological setting of this area is identified as alluvial 
floodplain or terrace deposits consisting of polymictic gravel, sand silt and clay.  
 
Soil S2 (from Site 2 - Narmbool)  
 
Soil 2 was collected from a farmland in Narmbool situated within the rural town limits of 
Narmbool. This site can be approached by the Narmbool Road originating from Ballarat 
Geelong road.   
 
The soil in this area consists of Olivine Basalts with minor scoria and interbedded with 
sand, gravel and clay (Geological map Mercer 7622-2 Zone54). 
 
The ground water level at both sites is generally deeper than 6 to 8m from the existing 
surface levels. 
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Figure 4.1 Map showing approximate locations of the sites 
 
Site 1 
Site 2 
Regional 
Location of 
Sites 1 & 2 
(See 
enlargement 
below) 
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Soil Collection Procedure 
 
Initially, the topmost soil layer (about 0.15 m in thickness) was scraped off from the site 
surface to remove tree roots, grass, organic matter and other decayed surface 
materials. Then using pick and shovel, soil within the approximate depth horizon of 0.2 
m to 0.7 m was dug out. The dug out loose soil (disturbed state) was then put in to 
plastic containers each approximately holding 25 kg and transported to the laboratory.  
The initial estimations showed that a significant amount of bulk soil (in excess of 1500 
kg from each soil) would be needed for the planned experimental program. As such, 
approximately 250 kg of soil was collected from the site at a time approximately 3-5 
days prior to the scheduled experimental day. In the laboratory, soils were kept tightly 
sealed and under normal room temperatures in order to maintain the water contents at 
or around in situ water contents.  
 
Original Properties of Soils S1 and S2 
 
The soils were then analysed to study the original physical and physicochemical 
properties so that a datum can be established for the study and comparison of EK 
effects on these properties. Considering the significant volumes of soils involved in the 
full testing program, a series of tests (physical and chemical properties) was conducted 
only per each 250 kg batch of soil so that reasonable average values can be established 
to use as the representative original properties of the soil.  
 
The chemical properties (each averaged from 10 or more tests) are given in Table 4.1.  
 
Table 4.1 Original Chemical Properties of Soils S1 and S2 
Characteristic Soil S1 Soil S2 
Electrical Conductivity EC1:5 (mS/cm) 2 ± 0.3 3 ± 0.3 
Electrical Conductivity ECe (mS/cm) 18 - 21 21 -24 
pH 4.5 ± 0.4 5.0 ± 0.3 
CEC (meq/100g) 5.5± 18.5± 
ESP (Exchangeable Sodium Percentage) 34± 31± 
SAR (Sodium Absorption Ratio) 8± 9± 
Degree of salinity Extreme Extreme 
Degree of sodicity Strong Strong 
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Table 4.2 provides the average values of soil physical properties. These values are 
averaged from 7 or more experiments. The chemical compositions analysed using 
inductively coupled plasma atomic emission spectroscopy (ICP/AES), averaged from 5 
experiments are tabulated in Table 4.3. 
 
Table 4.2 Original Physical Properties of Soils S1 and S2 
 
4.1.2 EK Experimental Models 
 
The review of literature shows that many laboratory scale EK experiments are 
conducted with the key objective of analysing the efficiency of EK treatments to 
contaminant removal from soil. These experiments have therefore been conducted in 
specially prepared EK cells under highly controlled laboratory conditions so that the 
chemistry of the porous media can be precisely analysed with the effects of EK 
processes. In general, in these investigations, no attempts are made to study soil 
physical characteristics.  
Characteristic Soil S1       Soil S2 
Unified Soil Classification ML CH 
Textural Classification Silt loam Heavy clay 
Clay Content % 18 ± 6 41± 4 
In-situ Water Content  % 25 ± 5 52 ± 5 
In-situ Density (kg/m3) 1500 ± 23 1650 ± 37 
In-situ Degree of Saturation (%) - 80 ± 5 
Consistency Limits (%) 
LL (Liquid Limit)  30 ± 3 72 ± 4 
PL (Plastic Limit)  23 ± 2 34 ± 3 
PI (Plasticity Index) 7± 2 38 ± 2 
Compressive Strength  (kN/m2) 38 ± 3 97 ± 3.5 
Hydraulic Conductivity (cm/s) 2.3 x 10-6 4.7 x 10-7 
Preconsolidation Stress (kN/m2) - 90 
Initial Void Ratio (e0) - 1.68 
Compression Index (Cc) - 0.44 
Recompression Index (Cr) - 0.012 
Shrink –Swell Index (Iss) 1.756  4.22 
Free Swell Index (FSI) 31 ± 2 128 ± 3 
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Table 4.3 Original Chemical Composition of Soils S1 and S2  
Percentage by weight Chemical 
composition Soil S1 Soil S2 
SiO2 54.35 48.91 
Al2O3 12.71 17.53 
Fe2O3 1.42 2.53 
FeO 5.32 8.25 
MgO 8.66 5.55 
CaO 7.54 9.53 
Na2O 3.75 1.05 
MnO 0.23 0.17 
TiO2 1.09 1.2 
K2O 0.91 0.13 
H2O 0.98 1.78 
 
The most common EK cells used in these investigations generally comprise of 3 
compartments; soil compartment, anode compartment and cathode compartment.  The 
separate electrode chambers/ compartment help holding enhancement/ neutralising 
(catholyte or anolyte) liquids while an outlet from cathode chambers also facilitate 
collecting cathode effluent. The electrodes used in these investigations are generally 
inert although steel electrodes are also reported in some circumstances. Either constant 
voltage gradients or constant direct currents are used as the potential gradients. The 
volume of soil used in the EK cells appear to be comparatively small and this may be 
due to the comparatively small test specimens required for chemical analysis than those 
required for soil physical testing. For example,  Chou, et al., (2004), used an acrylic cell 
having a 4 cm inner diameter and 20 cm length with separate anode and cathode 
chambers and inert electrodes (platinized titanium screens), with a voltage of 20 V in 
studying removal of cadmium and lead from soils. Ravera, et al., (2006), used a three 
compartment flexiglass cell with steel electrodes and current densities of 0.7 and 1.4 
mA/cm2 to experiment EK removal efficiency of copper from soil. To investigate EK 
techniques to restore contaminated soils, Pamukcu, (1997), developed a cylindrical 
clear glass EK cell with internal diameter 2.7 cm and 10.2 cm length with two electrode 
chambers and 0 to 120 voltages while Pamukcu, et al., (1997), used a similar EK cell 
arrangement with graphite electrodes and voltage of 30 V for 10 days in analysing 
effectiveness of  EK techniques to extract inorganic species from porous media. A 6.2 
cm diameter, 19.1 cm long EK cell made of Lucite and connected to anode and cathode 
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reservoirs and graphite electrodes at the two ends of soil specimen was used by Reddy 
& Shirani, (1997), and  Reddy, et al., (2001), to study EK remediation of heavy metals 
from soils. Acar, et al., (1994), used an EK cell with 5.1 cm radius and 10.2 cm length 
with a current of 3 mA (current density 0.37mA/cm2) in removing cadmium (II) from 
kaolinite. The arrangement employed by Hamed, et al., (1991), in removing Pb (II) from 
kaolinite was either 20.3 cm or 10.2 cm long, 5.1 cm cylindrical cells connected to anode 
reservoir and cathode outlet with inert graphite electrodes and current density            
0.37 mA/cm2. The EK test cell used by Bruell, et al., (1992), to investigate EK removal of 
gasoline hydrocarbons from clay was a glass chamber of 56 cm in length and 7.62 cm in 
diameter. They used black iron electrodes and a 0.4 V/cm voltage gradient. 
 
The limited number of EK investigations to study EK effects on soil physical properties 
employed slightly different testing models that can hold comparatively larger soil 
volumes. For example, Sadrekarimi & Sadrekarimi, (2003), and Sadrekarimi, (2005), 
used 8.2 cm diameter and 50.0 cm long high strength PVC tube to study consistency 
limits of soils after EK treatments. With the objective of studying EK effects on soil 
strength characteristics, Lo, et al., (2000), developed non conductive polypropylene EK 
cell of 150 cm long, 75 cm wide and 70 cm high with steel plate anode and galvanised 
mesh cathode while Micic, et al., (2002), developed a 26.5 cm long,11.9 cm wide, 25.4 
cm deep EK cell (rectangular tank) using 9.5 mm thick plexiglas™ plates with steel 
anode and cathodes. EK effects on lime stabilised soil shear strength using cone 
penetration tests was studied by Rogers, et al., (2003), employing a 36.5 cm long 10.0 
cm wide 10.0 cm deep rectangular chamber with hollow mild steel tubes and a voltage 
of 5 V. Abdullah & Al-Abadi, (2005), who studied the EK effects on soil consistency limits 
and strength parameters (cohesion and friction angle) used a rectangular model, 50 cm 
long and 15 cm wide, consisting 3 compartments with a middle soil compartment 
adjustable to 15, 20 and 25 cm lengths with graphite electrodes. To investigate the 
electroosmotic consolidation of a soft clay with prefabricated vertical drains, Bergado, et 
al., (2000), utilised a small cylindrical apparatus of 30.0 cm high, 30.0 cm diameter with 
a voltage gradient of 60 V/m and a large cylindrical apparatus of 95.0 cm high, 45.0 cm 
diameter, made of 10 mm thick PVC sheets with a voltage gradient of 80 V/m.  
 
The review of theses data reveals that design of electrokinetic treatment processes are 
often case specific, requiring a trial and error approach. The main design parameters to 
be considered include an estimation of the required current density, voltage gradient, 
type and placement of electrodes and sources for power supply. In some situations, soil 
conditioning and enhancement techniques need to be employed to enhance the 
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electrokinetic movement of species through the soil. The selection of appropriate 
materials, methods and subsequent estimation of required durations of treatment are 
dependent on many factors that include the type and characteristics of the soil to be 
treated, concentration and characteristics of contaminants, required degree of treatment, 
environmental and climatic conditions and the potential end use of the treated soil.  
 
The major objective of this research is to identify the EK effects on physical properties 
and related chemical properties of salt affected soil and also to investigate the potential 
of this technique to treat salt affected soils. Therefore it became evident that the 
experimental models have to be large enough to hold reasonable quantities of soil so 
that core specimens and representative samples can be obtained to conduct the 
planned physical tests at the specified regions between the electrodes after EK 
treatment. On the other hand, the bulk volume of soils required to be collected from sites 
for the entire testing program also needed to be manageable quantities. These EK cells 
(tanks) also needed to be easily handled manually in the lab particularly when they are 
filled with soil. Considering all these requirements and based on the experience from the 
pilot scale experiments conducted in the laboratory, it was decided to use clear glass 
rectangular tanks which are 90 cm long, 18 cm wide and 30 cm high. The tanks are 
fabricated using glass mainly due to glass being chemically and electrically neutral. 
 
4.1.3 Electrodes 
 
One of the major design considerations was to design the experimental setup as close 
as possible to represent field conditions. Therefore it was decided to use electrodes that 
are less costly and are easily available in most field circumstances.  
 
Some experimental results reported in the literature show that although the use of non 
inert electrodes could interfere with the chemistry of the porous media, they can also be 
beneficial in terms of improving soil physical properties and do not significantly impact 
the EK processes (for eg. Lo & Hinchberger, 2006; Lo, et al., 2000). Also some 
preliminary experiments indicated that the effects of iron corrosion at the anode do not 
significantly affect the performance of the system in moving water or the major cations 
through the soil. Therefore it was decided to use hollow mild steel tubes as electrodes. 
Mild steel electrodes were chosen because they are readily available at a low cost, easy 
to fabricate and have considerable strength and also a common material that can be 
used in most field situations. The hollow mild steel tubes used in this investigation were 
25 mm in diameter with 2.5 mm thick walls and 30 cm in height. Holes were drilled 
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through the walls of the tube to allow the liquids to move freely when they are inserted in 
to the soil. 
 
4.1.4 Enhancement and Processing Agents 
 
As have been suggested by some researchers (eg. Acar & Alshawabkeh, 1996; 
Pamukcu, et al., 1997) and also as evidenced during the preliminary studies of this 
project, under some experimental and laboratory conditions, a continuous supply of a 
liquid, generally from anode well, is needed to facilitate and enhance electroosmotic flow 
across the soil. Thus, the laboratory models were constructed such that an 
enhancement liquid can be supplied to the soil if and when required.  
 
The enhancement liquids used in this study are tap water and saturated lime solution 
(CaO dissolved in distilled water). Although the use of tap water could introduce 
additional ionic compounds to the soil it was not attempted to use enhancement agents 
such as deionised water as it can deviate the experimental design from actual field 
application. Lime was selected due to its widespread use as a soil stabiliser and soil 
treatment agent. The mixing of surface soil with lime is a common practice as a 
treatment method of saline-sodic soils. It is known that the use of lime can enhance both 
agriculturally important soil properties as well as many physical and engineering 
characteristics of soil. By using lime, it would also be possible to evaluate the efficiency 
of Ca ions intrusion to the soil under an electric gradient and investigate the 
effectiveness of lime treatment in the salinity / sodicity management.  
 
The enhancement liquids were supplied to the soil through an external plastic reservoir 
connected to the hollow core anode using a thin flexible PVC tube. The reservoirs were 
manually filled with enhancement liquids as and when required to maintain an 
approximately constant water level and thus a constant small external hydraulic head.    
 
4.1.5 Laboratory Environment  
 
Many experimental programs reported in the literature have been conducted under 
controlled laboratory conditions. However, in this study, throughout the experimental 
duration, the soil in test tanks were allowed for natural drying and evaporation under 
normal (uncontrolled) room temperatures and humidities in order to allow the soil in the 
test tanks to undergo temperatures and humidities typical of normal field conditions/ 
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environments. The room temperatures varied between 14ºC to 23ºC during the 
experimental program. 
 
4.2 EXPERIMENTAL METHODS 
 
4.2.1 Experimental Model Setup 
 
Considering the requirement of obtaining adequate soil volumes for physical testing, it 
was decided that the thickness of the soil layer to be approximately 12.0 cm. Based on 
the in situ field densities and water contents, it was estimated that approximately 25 kg 
of soil is needed per each test tank. As such the required quantities of soil were 
prepared in batches for experimental setup as follows. Initially, the gravel particles 
generally larger than 10mm and other visible organic matters were manually removed. 
The remaining soil was thoroughly mixed by hand to get a homogenous distribution of 
particles. During this time, water was also added to the soil, if and when required to 
arrive at a water content typical of field water content. The experimental soil was then 
manually compacted in the glass tank to arrive at the field density at a water content 
representing the field moisture content so that the final compacted thickness is 
approximately 12.0 cm. For this a small hand held light weight wooden hammer with a 
flat 7.5 cm2 head was used. Soil was compacted in three layers. After compacting each 
layer, the finished surface was roughened in order to minimise smooth interfaces that 
could create natural flow paths through which water can flow. The electrodes were then 
inserted into the soil layer at the either ends 70 cm apart. The electrodes were 
connected to a continuous supply of a constant voltage gradient. Experiments were 
repeated with four voltage gradients of 0.25, 0.50, 1.0 and 2.0 V/cm and EK treatment 
durations of 3, 7, 14, 21, 45 and 60 days.  
 
With the aim of identifying the EK effects at various regions between the electrodes, it 
was decided to analyse the soil between the electrodes by dividing in to five 
sections/regions having average normalized distances of 0.1, 0.3, 0.5, 0.7 and 0.9 from 
the anode. For easy reference, these regions were designated as; 
‘a’   (anode),   15-20 cm section around the anode electrode, 
‘ae’ (anode end) 15-20 cm section between anode region and the middle region, 
‘m’   (middle)  15-20 cm section in the middle, 
‘ce’  (cathode end) 15-20cm section between middle region and cathode region and 
‘c’    (cathode)  15-20 cm region around the cathode.  
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Considering the significant number of experimental combinations, the following sample 
reference system was used to identify test specimens of this investigation. 
 
Soil Type:  
S1 for Soil 1 and   
S2 for Soil 2.  
 
Enhancement type:  
W for Water and  
L  for Lime solution.  
 
Number of days under EK processing : 
0, 3, 7, 14, 21, 45, 60  
 
Voltage gradient:  
0.25, 0.5, 1.0, 2.0  
 
Position between the electrodes (depending on the normalised distance from the 
anode): 
a   for 15-20 cm section around the anode electrode, 
ae   for 15-20 cm section between anode region and the middle region, 
m    for 15-20 cm section in the middle, 
ce for 15-20cm section between middle region and cathode region and 
c     for 15-20 cm region around the cathode.  
 
Experiment type:  
pH  
EC  
UC for Unconfined Compression test  
P  for Penetration test  
HC for Hydraulic Conductivity test  
PI  for Plasticity Index test etc. 
 
For example, S2/L/21/0.5/ae/UC refers to the following experimental combination; 
soil S2, lime enhancement, 21 days processing period, 0.5 V/cm voltage gradient, 
anode end test region (0.3 normalised distance from anode), Unconfined Compression 
test. 
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Table 4.4 presents all the experimental combinations employed in this investigation. 
 
Table 4.4 Experimental combinations for Soils S1 and S2 
Duration (Days) 
Soil 
Type 
Anode 
Enhancement 
Voltage 
Gradient 
(V/cm) 3 7 14 21 45 60 
None 0 * CS1 
0 * * * * * * 
0.25 * * * * * * 
0.5 * * * * * * 
1 * * * * * * 
Water 
2 * * * * * * 
0 * * * * * * 
0.25 * * * * * * 
0.5 * * * * * * 
1 * * * * * * 
Soil S1 
Lime 
2 * * * * * * 
None 0 * CS2 
0 * * * * * * 
0.25 * * * * * * 
0.5 * * * * * * 
1 * * * * * * 
Water 
2 * * * * * * 
0 * * * * * * 
0.25 * * * * * * 
0.5 * * * * * * 
1 * * * * * * 
Soil S2 
Lime 
2 * * * * * * 
 
 
As can be seen from table 4.4, a total of 102 test tanks were setup.  
 
Two control tests CS1 and CS2 (one per each soil) with no voltage gradient and no 
anode enhancement was setup in order to be able to study and compare the before and 
after effects of EK processing and anode enhancements on soil properties. The testing 
location/ region was not a controlling factor as the entire soil in the test tank was only 
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subjected natural drying and evaporation and as such tests could be conducted at any 
location of the soil in the tank, after each corresponding treatment duration. 
 
Apart from these two control tests, 12 other control test tanks were set up for each soil 
with no voltage gradient but subjected to anode enhancement only, 6 tanks with water 
enhancement and 6 with lime enhancement. The aim of these tests was to identify and 
differentiate the effect of anode enhancement on soil physical properties. Again, after 
each corresponding EK treatment duration, test specimens were retrieved from the 
corresponding control test tank at the corresponding location (anode, cathode or middle) 
for testing. 
 
A schematic of the experimental set up for EK soil processing is shown in Figure 4.2. 
Some photos are included in Appendix 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Schematic of the experimental set up for EK soil processing 
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4.2.2 Monitoring of Cathode Effluent during EK Processing 
 
The electroosmotic flow accumulated in cathode wells (cathode effluent) was manually 
extracted using a plastic syringe and the volume was measured. This was done every 
10 minutes for the first 2 hours and every 30 minutes for the second 3 hrs and hourly for 
the following 6 hrs and 6 or 12 hrs thereafter. The effluent pH and EC was measured 
using a hand held pH/EC/TDS meter (model H198130). The current between the 
electrodes was continuously monitored using a computer data acquisition system. 
 
4.2.3 Preparation of Samples for Testing after EK Processing 
 
After the selected electrokinetic processing period, firstly, Penetration tests were 
conducted to determine the in-situ compressive strength of the soil. The penetration test 
method is discussed in Page 89 under section 4.4.3.  
 
Following this, undisturbed core samples required for various tests were retrieved from 
the treated soil. The core samples were extracted from the soil by pushing thin walled 
samplers with sharp cutting edges into the soil. Retrieving of good quality core 
specimens became fairly difficult particularly when the soil was subjected to longer 
processing periods and higher voltage gradients as soil became excessively dry, hard 
and brittle. Thus, only limited number of core specimens could be obtained for each 
planned physical tests due to difficulties associated with sample retrieving process and 
the limitations of the soil volumes available. Depending on the soils physical status, core 
samples were extracted either while the soil is still in the tank or by taking the soil out 
from the tank and placing (reproducing) it on a tray.  
 
Core specimens for UC tests, hydraulic conductivity tests and shrink test of the shrink- 
swell test were 35 mm in diameter and 70 – 80 mm in length. The sampler was pushed 
into the entire depth of the soil (12.0 cm approximately) and the ends were trimmed off 
to obtain the required sample height. The specimens for consolidation tests and swell 
test of the shrink- swell test were 50 mm in diameter and 20 mm in height.  
 
The remaining soil was then divided and separated in to the five sections using a wire 
cut or a saw. All other tests were conducted on representative specimens prepared after 
drying and homogeneously mixing the entire soil volume in each region/ section at the 
given distance from anode. 
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4.3 EVALUATION OF CHEMICAL CHARACTERISTICS  
 
The chemical properties evaluated in this investigation are pH and EC of cathode 
effluent and pH, EC, soluble ionic concentrations (pore fluid) and exchangeable ionic 
concentrations (on clay surface) of the soil at each test region.  
  
4.3.1 pH and EC 
 
Electrical conductivity (EC1:5) and pH of the soil were analysed using the 1:5 soil: water 
suspension method (Slavich & Petterson, 1993). In this method, one part of soil with five 
parts of distilled water (by weight) placed in a plastic sample container and was 
subjected to mechanical shaking for 20 minutes and was allowed to settle. Following 
settling the EC and pH were measured using a pH/EC/TDS hand held meter (model 
H198130). The pH and EC of the cathode effluent was directly measured using 
pH/EC/TDS meter.  
 
4.3.2 Pore Fluid Ionic Concentrations 
 
Ionic concentrations of Na, Ca and K were estimated using flame photo spectrometry 
and Mg using atomic absorption spectrometry.  
 
4.3.3 Exchangeable Cations 
 
The exchangeable cations (Na, K, Ca, Mg and Al) were determined using ammonium 
acetate buffered at pH 7.0. Considering the significant number of experiments required, 
these experiments were conducted by Incitec Pivot laboratory at Werribee, Victoria, 
Australia.  
 
4.4 EVALUATION OF PHYSICAL PROPERTIES  
 
The following are the major soil engineering properties that were studied and analysed 
in detail under this project. 
 
4.4.1 Plasticity Characteristics   
 
The consistency limits experiments (Liquid Limit LL and Plastic Limit PL) were 
conducted using the method described in Australian Standard (AS 1289.3.1.1-1995).  
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Consistency limits provide an important indication of the hydraulic performances of a 
clay soil (Benson, et al., 1994), particularly in terms of the water absorption capacity 
from semi solid to plastic state and plastic to liquid state. The greater water absorption 
capacity of many low permeable clay minerals, especially within the plastic region is one 
of the major soil properties being considered in the selection of appropriate clay soils for 
various geotechnical, environmental engineering applications.  
 
The comparison of consistency limits before and after subjecting to EK processing 
would facilitate understanding the effects of electrokinetics on consistency indices. 
 
4.4.2 Volume Change (Reactivity) Characteristics  
 
The ‘reactivity’ of a soil is the shrinking and swelling potential (volume change potential) 
due to possible variations of moisture conditions. Out of the major clay mineral groups, 
the montmorillonite clay, due to its specific mineralogical properties such as the double 
layer structure and increased hydration ability, becomes the most reactive clay type.  
 
There are several different classification systems used to identify and classify expansive 
soils based on their volume change potentials. The method proposed by Seed, et al., 
(1962), is based on activity and percent clay. van der Merwe, (1964), proposed a 
method based on PI and percent clay.  The method suggested by Dakshanamanthy & 
Raman, (1973), is based on the plasticity chart. Sridharan, et al., (1985) and Golait & 
Kishore, (1990), proposed a method based on Free Swell Index (FSI) to classify swelling 
potential of a soil. The shrink - swell Index (Iss) also can be used to classify soils based 
on the volume change potential, although Iss is generally used to classify reactive sites 
into different classes, rather than reactive soils (Seddon, 1991).   
 
For the purpose of identifying the EK effects on soil volume change potentials and the 
reactivity classification, the following three classification systems (Classification system 
A, B and C) are used in this study.  
 
Classification system A: method proposed by van der Merwe, (1946), based on percent 
clay and PI. 
 
Classification system B: method proposed by Sridharan, et al., (1985), based on FSI. 
 
Classification system C: method proposed in AS 1289.7.1.1.(1998) based on Iss.  
Chapter 4                                                                                                                                           Materials and Method 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                     Page 86 
  
 
 
Classification system A:  
method proposed by Van der Merwe (1964) based on percent clay and PI 
 
In this method, using the PI and percentage clay (expressed as the minus 2 micron size 
fraction), the soils were classified for their swelling potentials using Figure 4.3, as 
proposed by Van der Merwe (1964).  
 
 
Figure 4.3 Swell Potential classification chart 
(after van Der Merwe, 1964)  
 
Classification system B:  
method proposed by (Sridharan, et al., 1985) based on Free Swell Index (FSI) test 
 
Free Swell Index (FSI) test is not evidenced as a common laboratory experiment in 
Australia. As such there is no established standard for the test procedure. However, 
there are reported instances where this experiment has been used quite successfully in 
identifying swelling potential of soils (eg. Sridharan, et al., (1985) Golait & Kishore, 
1990).  
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Free Swell Index (FSI) is a parameter which can be used as a direct indicative of the 
overall volume change potential of soil as compared to indirect correlations which are 
required to be established with consistency parameters. FSI is therefore can be 
considered to be a more appropriate criteria for identifying and classifying the expansive 
nature of soils and also an easier and quicker approach to evaluate swelling potential of 
clays with a reasonable degree of accuracy (eg. Golait & Kishore, 1990; Hettiaratchi, 
1988; Sridharan, et al., 1985). 
 
FSI tests were conducted using a combined, modified method proposed by Jayasekera 
& Mohajerani, (2001), based on the methods described by Sridharan et al. (1985), 
Hettiaratchi, (1988), and Golait & Kishore, (1990). In this method, 10 g of fully dried soil 
passing 425 µm sieve is placed in a 100 ml graduated cylinder. The soil is poured in to 
the graduated cylinder in small batches of 1 g in order to achieve a same packing and 
compacting effect. The initial dry volume of this soil is measured/estimated by reading 
the graduations in the cylinder. The cylinder is then filled with the testing liquid up to 100 
ml mark. The soil-liquid mix inside the cylinder is then allowed to swell or shrink under 
controlled laboratory conditions. Readings (the swelled or shrunken volume of soil inside 
the cylinder) are taken every 2 hrs at the beginning and generally thereafter every 24 hrs 
until a reasonable equilibrium volume is reached. 
 
The Free Swell Index (FSI%) is a non dimensional parameter which represents the 
volume change potential of a soil from fully dried status to fully swollen/ shrunken states 
(when exposed to water or any other liquid environment). FSI is calculated using,  
 
            (4.1)  
 
where  VS is  volume of a given mass (10 g) of fully dried experimental soil (volume is 
estimated from the initial reading of the graduated cylinder) and 
VL is  equilibrium volume of this soil once immersed in the liquid in the 100 ml 
graduated cylinder. 
 
Tests were duplicated to achieve a reasonable degree of accuracy. The soils were 
classified based on their swelling potential using Table 4.5.  
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Table 4.5 Soil swelling potential classification based on FSI 
(from Sridharan et al., 1985) 
Free Swell Index % Degree of expansion 
<20 Low 
20-35 Moderate 
35-50 High 
> 50 Very High 
 
 
Classification system C:  
method proposed in AS 1289.7.1.1.(1998) based on Shrink - Swell Index (Iss) 
 
Out of the various methods available to evaluate soil reactivity (e.g. core shrinkage test, 
loaded shrinkage test and shrink – swell index test), the shrink – swell index (Iss) test is 
preferred since it does not require measurement of suction (suction is generally given in 
a logarithmic unit pF = log (10u) where u is suction in kPa) and does not depend on the 
initial moisture condition ((Cameron, 1989; Seddon, 1991).  Unlike other reactivity tests 
where only either a swell test or a shrinkage test is performed, Iss test comprises of both 
a swelling test as well as a shrinkage test on a companion sample at the same moisture 
condition, so that the total strain (volume change) is indicative from the test results. As 
such, Iss represents the deformation, which occurs in a unit height (depth) of soil in 
response to a unit change in pF (Seddon,1992).  
 
Shrink-swell index tests (Iss) were conducted using the method described in Australian 
Standards (AS 1289.7.1.1.-1998). The Iss was calculated using the following equation as 
given in the relevant Australian Standard. 
 
1.8
ε2
ε
  I
sh
sw
ss
+
=                                                                                                   (4.2) 
          
where  εsw is swelling strain, the total swell expressed as a percentage of the initial 
height of the specimen less any initial settlement observed prior to inundation of 
the sample and  
εsh is total shrinkage strain to the oven dry condition in percent. 
 
In this equation (4.2) the total swelling strain εsw is reduced by a factor of two to account 
for the horizontal restraint provide by the rigid sample ring in the swelling test. More 
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explanation and justification of this reducing factor can be found in Cameron, (1989). 
The total strain (both swelling and shrinkage) is then divided by a factor of 1.8 
(denominator of equation 4.2), which is recognized as the likely suction range over 
which volume changes are almost linearly proportional to the suction changes for 
Melbourne region (Cameron, 1989; Seddon, 1992).    
 
Using the recommended suction values for Melbourne region, i.e. ∆pF (design surface 
suction change reducing linearly to zero at a maximum depth of influence) as 1.2 and H 
(maximum depth of influence to suction change) as 2 m and based on ‘Australian 
Standard AS 2870: 1996, Residential Slabs and Footing construction’ site classification 
system, Iss can satisfactorily be used in classifying a site using a scale from non reactive 
to extremely reactive (see Table 4.6). This classification provides an indication of the 
degree of volume change potential of the underlying soil layers.  
 
Table 4.6 Site classification based on shrink-swell index (Iss) 
AS 2870  site classification Iss (% strain/pF unit) 
Class A (Non reactive)            <0.8 
Class S (slightly reactive) 0.8 – 1.7 
Class M (moderately reactive) 1.7 – 3.3 
Class H (highly reactive) 3.3 – 5.8 
Class E (extremely reactive) > 5.8 
 
With electrokinetic processing under a CHE gradient, it is planned to investigate if the 
reactivity characteristics of a clay soil would change. These results would also help in 
identifying if these changes may affect the long term classification of building sites 
based on the volume change properties of the sub soil layers and subsequently the site 
classification as recommended in AS 2870 Residential Slabs and Footing construction- 
1996, although this is beyond the scope of this investigation. 
 
4.4.3 Stress- Stain and Strength Characteristics 
 
The soils compressive strength was measured using a pocket penetrometer and also 
using Unconfined Compression tests.  
 
Penetration tests were conducted to determine the in-situ compressive strength of the 
soil. The penetration tests were carried out using a GEOTESTER pocket penetrometer. 
Penetration readings were taken at least at three points (laterally) on the surface of each 
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test region (section) having average normalized distances of 0.1, 0.3, 0.5, 0.7 and 0.9 
from the anode. 
 
The Unconfined Compression (UC) tests were performed using the Instron Universal 
Testing Machine. The stress strain behaviour was studied using UC test results. The 
maximum axial stress recorded from each stress strain graph is taken as the maximum 
UC strength (stress) of the soil. 
 
By studying these effects it would be possible identify if electrokinetic soil processing 
could be used as an effective soil strengthening technique, especially when dealing with 
difficult geo materials such as low permeable clays, salt affected soils etc.  
 
4.4.4 Hydraulic Conductivity (Permeability)  
 
As discussed before, hydraulic conductivity or the permeability is the most influential and 
most affected physical property of a clay soil when subjected to electrokinetic 
processing. The hydraulic conductivity characteristics of a clay soil also maintain direct 
relationships with many other soil microstructural properties such as porosity and void 
ratio. The study of hydraulic conductivity (permeability) characteristics was performed 
using triaxial cell falling head permeability equipment and in accordance with AS 
1289.6.7.2-1999.  
 
4.4.5 Consolidation Characteristics 
 
The one dimensional consolidation tests were performed in accordance with AS 
1289.6.6.1-1998. The consolidation experimental data were used to evaluate soil 
compressibility characteristics such as compression index (Cc), coefficient of volume 
compressibility (mv), coefficient of consolidation (Cv) etc., using established procedures.  
 
4.5 ANALYSIS OF TEST DATA 
 
The analysis of pH, EC and electroosmotic flow variations with varying processing 
periods and voltage gradients will assist identifying various EK processes that initiate 
within the porous media under varying CHE gradients. It is expected that these 
analytical data would facilitate answering the four research questions in general with a 
particular emphasis on the first research question, i.e. ‘what are the electrokinetic, 
hydraulic and dynamic processes that take place within the soil - liquid medium that 
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could influence the rate of migration of ionic species in porous media and modification of 
soil engineering properties?. 
 
Based on the experimental data from ionic concentrations and by analysing the Na ion 
concentrations at various locations between the electrodes, with increasing EK 
processing times and voltage gradients it is expected to identify the Na removal 
efficiency using EK techniques. These analyses will particularly help answering the 
second research question in this study, which is ‘what is the rate of flow and removal 
efficiency of salts through selected soils when subjected to varying chemical, hydraulic 
and electric (CHE) gradients? This may also help identifying the factors affecting the 
removal efficient of Na from the tested two salt affected soils, thus answering the fourth 
research question ‘what are the factors affecting overall progression of EK treatment of 
salt affected soils?. 
 
Moreover, using the ionic concentrations, the Sodium Absorption Ratio (SAR) and the 
exchangeable sodium percentage (ESP) can be computed using the Gapon equation. 
Depending on these results it would be possible to study the effects of electrokinetic 
processing on soil salinity and sodicity and the possibility of reviewing classifications of 
salt affected soils. These results together with the analysis of EK effects on soil physical 
properties, subjected to varying processing periods and voltage gradients are expected 
to use in answering the third research question ‘what are the resulting changes in the 
physical and related chemical properties of the soils when subjected to electrokinetic 
processing over a period of time under the coupled CHE gradient?’. 
 
4.6 CONCLUSIONS 
 
This chapter presented the selection and preparation processes of the two soils used in 
this study and also a description of the experimental methods employed to carryout the 
planned investigation. It was attempted to provide sufficient justifications with regard to 
the selection of materials, methods and designing of experiments which are directly 
linked to the specific objectives of the study.  The following chapters of this thesis 
(Chapter 5, Chapter 6 and Chapter 7) present the experimental findings of this 
investigation in detail. 
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CHAPTER 5 
 
 
CONDUCTANCE PHENOMENA IN SOIL POROUS 
MEDIA DURING ELECTROKINETIC (EK) PROCESSING  
 
 
 
5.0 INTRODUCTION 
 
From the literature presented in the previous chapters of this thesis, it was discussed 
that electrokinetic processes can alter the system chemistry of the porous media and 
consequently influence various physicochemical characteristics of soils.  
 
In order to investigate the effects of Electrokinetic (EK) processing on chemo-
mechanical behaviour of the selected experimental soils, an extensive and 
comprehensive laboratory testing program was executed employing several test 
methods and, recording and monitoring a range of measurements over various periods 
of time under various experimental conditions. These data was then evaluated and 
analysed in order to sufficiently study the chemo-mechanical behaviour of the soils and 
subsequently to develop analytical relationships under these experimental conditions. 
The results obtained from these analyses and, conclusions arrived at based on these 
findings are presented in three chapters, Chapter 5, Chapter 6 and Chapter 7.  
  
In this present chapter (Chapter 5), a discussion is presented on the basic electrokinetic 
processes identified from the direct measurement of flow volumes at the cathode and 
water contents, pH and EC at various positions between the electrodes. The variation of 
these processes with time is also discussed. The main EK processes investigated and 
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reported in this chapter include electromigration and the development of pH gradient, 
the advancement of the acid/base profile across the soil, electroosmotic flow and the 
variation of moisture condition, current flow and the variation of electrical conductivity.  
The effects of soil type (soils S1 and S2), increasing voltage gradients (0.25, 0.5, 1.0 
and 2.0 V/cm) and anode enhancement liquids (water and saturated lime solution) on 
these EK processes are also discussed.  
 
5.1 PRIMARY ELECTROKINETIC REACTIONS AND PROCESSES  
 
Upon application of a direct current across the electrodes, the soil-liquid medium 
undergoes physicochemical, hydrological and mechanical changes due to various 
complex and inter-related electrochemical processes that take place within the soil 
porous media. Some of these processes are initiated immediately after the direct current 
is applied across the electrodes while several other progressions develop with time.  
 
5.1.1 Short Term/ Immediate Electrochemical Processes 
 
When a direct current is applied to a porous media, initially, water in the immediate 
vicinity of the electrodes is electrolysed. Oxidation occurs at the anode, while reduction 
takes place at the cathode. This creates an acidic medium at the anode and an alkaline 
medium at the cathode.  
 
2H2O – 2e
-  =>  O2  + 4 H
+    E0 = -1.229 anode 
2H2O + 2e
-  =>  H2   + 2 OH
-   E0 = -0.828 cathode 
 
where E0 is the standard reduction electrochemical potential, which is a measure of the 
tendency of the reactants in their standard states to proceed to products in their 
standard states.   
 
In this investigation, in all electrokinetic experiments, immediately after the current was 
applied, it was observed that bubbles of hydrogen gas formed at and around the 
cathode due to the hydrolysis of water.  
 
These electrolysis reactions cause the pH to decrease at the anode and increase at the 
cathode. 
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The experimental soils used in this study are salt affected soils containing high 
percentages of Na ions in the DDL and pore fluid. With the presence of these salt 
compounds in the pore solution, particularly NaCl, secondary reactions also take place.  
 
Other available ionic species in the soil may undergo secondary reactions depending on 
their concentrations and the electrochemical potential of the reaction. 
 
Me+n  +  ne-   ->   Me(s) 
 
where Me refers to various metals. 
 
With the introduction of saturated lime solution via the hollow core anode, Ca2+ is made 
available to mix and react with clay minerals under a combined effect of concentration, 
hydraulic and electric gradients. It is known that in general, when lime is added to a wet 
soil, several short term and long term chemical reactions take place that consequently 
alter the physicochemical properties of the soil (Kennedy, et al., 1987; Rogers, et al., 
2003). 
 
With the introduction of Ca2+, during the early stages of the process, due to higher 
exchange capacity of the Ca2+, more Na+ ions from the clay surface are replaced and 
removed. When more Na+ ions occupy the inter sites on the clay surface relative to other 
cations, they attract more water molecules from the surround and easily hydrate leading 
to swelling and subsequent easy dispersion. However, when higher valent cations such 
as Ca2
+ occupy negative sites on the clay mineral by replacing monovalent Na ions, due 
to the higher ionic bonding of Ca2
+, the ability to hydrate and disperse is surpassed by 
agglomeration and flocculation reactions.    
 
5.1.2 Electrochemical Processes with Time 
 
With the increase of EK processing time, simultaneous flows of fluid, electricity and 
other chemical species, under the combined effect of chemical, hydraulic and electrical 
gradients (CHE gradient) take place. In the experiments, within hours, liquids were 
observed accumulating in the cathode wells. Within hours to days, organic matter 
(observed as a damp brown/ black colourisation) was also transported towards the 
cathode. Various other chemical species (observed as salt accumulation at the cathode 
electrode) moved across the soil towards the cathode. The species transport across the 
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porous media is mainly due to the electrokinetic transport mechanisms of 
electroosmosis, electromigration and electrophoresis.  
 
Apart from species transport across the porous media, due to the availability of lime, the 
long-term pozzolanic reactions may also take place at various degrees depending on 
the soil type (clay mineralogy), percentage of calcium, availability of water to facilitate 
pozzolanic reactions and the pH of the media. When the pH level is sufficiently high, 
silica and/ or alumina, the necessary ingredients for pozzolanic reactions, are dissolved 
from the clay minerals and react with water and lime to form calcium silicate hydrate and 
calcium aluminate hydrate gels, which subsequently crystalise to bind the structure 
together.  
 
The basic reactions are, 
Ca2+   +  OH-   +  Soluble Silica    ->  Calcium Silicate Hydrate (CSH) 
Ca2+   +  OH-   +  Soluble Alumina   ->  Calcium Aluminate Hydrate (CSH) 
 
In these experiments, soil is also subjected to an electrical potential and hence other 
than the above primary lime-clay interactions, several other reactions and complications 
can be expected within the porous media, mainly due to the coupled electrokinetic 
processes.  
 
With the development of the pH gradient, several geochemical reactions also take place 
within the soil porous media. The major processes can be considered as 
precipitation/dissolution, sorption, redox and complexation which are all highly 
dependent upon the pH condition generated by the process. These processes can 
significantly impact electrokinetic remediation and can either enhance or retard the 
process.  
 
5.2 ELECTROMIGRATION AND ELECTROOSMOSIS  
 
As discussed in the preceding section, during early stages of EK processing, various 
ionic species become readily available within the soil porous media mainly due to, 
(i) the presence of existing anions and cations in the soil pore fluid   
(ii) the presence of ions in the DDL 
(iii) the generation of two supplemental ionic species H+ and OH- due to electrolysis 
and 
(iv) the introduction of Ca ions via anode. 
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At the initiation of EK processing, electrolysis and generation of H+ and OH- ions is the 
most prominent and effective reaction. This creates an acidic medium at the anode and 
an alkaline medium at the cathode, and develops a clear pH gradient between the 
electrodes.   
 
The development of the pH gradient across the electrodes, for soil S1 and S2 under 
different voltage gradients with water enhancement is presented in Figures 5.1 and 5.2. 
As observed from these results, it is noticed that under all electrokinetic processing 
conditions employed in this study, a clear pH gradient is developed in the soil between 
the electrodes, creating an acid front at the anode and a base front at the cathode.  
 
During the early stages of the EK processing, the electrolysis reactions take place at a 
higher rate. This is associated with the readily availability of water (both free and pore 
water) for electrolysis and also due to possible ionic and other process complications 
which are not developed yet. Therefore, during the early periods, H+ and OH- ions are 
generated at a higher rate. Although the initial number of ions present in the pore 
solution may diminish, ions are continuously generated by the electrolysis reactions at 
the electrodes. As a result, at the initiation of the experiments, a higher rate of pH 
gradient development is noted.  
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Figure 5.1  Variation of pH across soil S1 with time  
under different voltage gradients with water enhancement
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Figure 5.2  Variation of pH across soil S2, with time  
under different voltage gradients with water enhancement
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From the results presented in Figures 5.1 and 5.2, it can be seen that with time, under 
the influence of the applied electrical gradient, a pH gradient is developed between the 
electrodes. The acid front (H+) advances towards the cathode and the alkali front (OH- 
ions) migrates towards the anode as can be observed by analysing the data presented 
in these Figures 5.1 and 5.2. For example, for soil S1, in 14 days, the pH recorded at the 
middle of the tank is about 4, which indicates that the acid front has reached the middle 
of the tank. This has further advanced towards the cathode in 45 days as noted by the 
pH recorded (pH 4) in this region in 45 days. The development of this pH gradient 
reached a peak in 30 days, before the acid front reached the cathode, with pH 2 at the 
anode and 10 at the cathode. With increasing processing time, beyond 30 days, the pH 
gradient across the soil appeared to stabilise around pH 2 at the anode and pH 7 at the 
cathode.  
 
Similarly, for soil S2, it is noticed that the acid front has reached the middle of the tank in 
about 20 days and thereafter further advancing towards the cathode with time. From 
these results it is noted that the rate of advancement of the acid front is slightly slower 
for soil S2. 
 
With the introduction of lime solution, similar trends were observed in the development 
of pH gradient across the soil as shown in Figures 5.3 and 5.4. 
 
Figure 5.5 provides a more clear presentation of the variation of pH at anode position for 
soil S1 and S2 with water and lime enhancement. 
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Figure 5.3  Variation of pH across soil S1 with time  
under different voltage gradients with lime enhancement 
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Figure 5.4  Variation of pH across soil S2, with time  
under different voltage gradients with lime enhancement 
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In general with the introduction of lime, there is a slight decrease in the acidity (increase 
in pH) at the anode as can be observed from the data presented in Figure 5.5. This is 
due to the inverse effects of highly alkaline lime has on the development of the acidic 
medium at the anode due to electrolysis.  It is also evident that this inverse effect is 
more apparent for soil S2. This is due to the availability of higher clay fraction in soil S2 
that could react with lime and thereby slightly reduce the effect on the generation of 
acidic medium due to electrolysis. 
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Figure 5.5 Variation of pH at anode position under 0.5 V/cm voltage gradient  
with water and lime enhancement for soil S1 and S2 
 
The results presented in Figures 5.1 to 5.4 indicate that final acid-base chemistry (pH 
profile) is almost identical (with pH values ranging from approximately 2 at the anode 
and 8 at the cathode) under all test conditions although the hydraulic conductivity, initial 
water content and fabric of soil S1 and S2 are different. Therefore it is apparent that the 
Initial pH 
Initial pH 
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influencing factors are clay mineralogy, DDL characteristics and ionic concentration of 
the pore solution.  
 
These results also show that the final pH profiles observed for these two experimental 
soils are reasonably smaller than the recorded pH profiles in several previous 
investigations conducted using low salinity commercial kaolinite and under controlled 
laboratory conditions. The typical pH values observed in many of these studies are 
approximately 2 at anode and greater than 10 to 12 at cathode in comparison to the 
recoded pH values of 2 at anode and 8 at cathode for the experimental soils used in this 
study showing a significant difference in the pH at cathode. It is known that the 
electrolysis reactions at the electrodes depend on the availability of chemical species 
and the electrochemical potentials of these reactions. With the presence of high salt 
levels in the pore solution, some secondary reactions would have dominated at cathode 
because of their lower electrochemical potential, thus decreasing the pH at cathode. The 
high salt levels of the pore solution of the experimental soils could also significantly 
influence on many EK processes in general and the electromigration process in 
particular that can also be responsible for a lower pH at cathode. 
 
Concurrently to electrolysis, development of pH gradient and electromigration of ionic 
species in porous media, almost immediately after the electrical gradient is applied, 
electroosmotic flow (which is the transport of pore fluid under an electric gradient) starts. 
During this initial period, the electromigration of acid and base fronts under an electrical 
potential is also aided and supplemented by the electroosmotic flow. Organic matter and 
other freely available conductible compounds within the soil pore fluid are also 
transported with the electro-osmotic flow of water through soil. 
 
The total liquid volumes accumulated in the cathode wells for soil S1 and S2 due to 
electroosmotic flow are presented in Figure 5.6. At the initiation of the experiments, a 
higher rate of liquid flow is observed under all voltage gradients with an appreciable flow 
volume as can be noticed from this figure. However, with time, under all voltage 
gradients, a gradual decrease in the rate of electroosmotic flow is noted with eventual 
diminishing.  
 
As discussed previously, electroosmotic flow occurs in clay soils primarily due to the 
existence of a thin water film (DDL) around a charged clay particle. The DDL consists of 
a relatively mobile layer (outer layer) and a fixed layer (inner layer of DDL). Under an 
imposed electrical gradient, the mobile part of the DDL moves towards the negatively 
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charged electrode. The movement of the mobile part of the DDL imparts a viscous drag 
on the free water in the porous medium and thus advances the mobility of water.  
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Figure 5.6 Variation of electroosmotic flow volume with time for soil S1 and S2  
under different voltage gradients, with water enhancement 
 
As per the H-S theory, the volume of electroosmotic flow under an electrical gradient is 
directly related to the zeta potential (ζ) of the soil. Zeta potential is defined as the 
electrical potential at the boundary between the fixed and mobile parts of the DDL. 
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The ionic concentration of the pore fluid strongly influences the electrical potential at the 
boundary between the fixed and mobile parts of the DDL or ζ (West & Stewart, 1995) 
and therefore the electroosmotic flow. With the EK processing, the ionic concentration in 
the DDL changes continuously due to various chemical, hydraulic and electrical 
reactions originated in the porous medium. These processes consequently change the ζ 
and therefore vary the electroosmotic flow. Some of the main processes that take place 
within the porous media that could modify ζ are; 
(i) electromigration of H+, OH- and other ions towards the oppositely charged 
electrode,  
(ii) adsorption/desorption of ions in the DDL (for example, H ions are readily adsorbed 
by the negatively charged clay surfaces to satisfy the cation exchange capacity of 
the mineral, (The amount of adsorbed cations depends on the pH of the soil. 
Moreover, with the introduction of saturated lime solution from the anode, Ca2+ 
ions are introduced to the soil. Due to higher exchange capacity of the Ca, more 
Na ions from the clay surface are replaced). These adsorption/desorption reactions 
affect the charge on the mineral surface and therefore the zeta potential.) and 
(iii) chemical reactions between migrating ions could also change the concentration of 
the pore solution. 
 
At the same time, mineral dissolution due to changes in the pH could also increase the 
amount of ions in solution, ion migration, and electroosmotic flow. The low pH solution 
created at the anode may cause clay flocculation (due to diminishing of the net negative 
charges on the clay surface at low pH values and consequent collapse of DDL forming 
‘flocs’), which may produce a more open clay structure with an increased hydraulic 
conductivity, leading to higher hydraulic flow. These processes could also have 
accounted for a higher electroosmotic flow during the early stages of the process. 
 
With the introduction of the saturated lime solution from anode, similar trends of 
electroosmotic flows were observed (Figure 5.7).  
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Figure 5.7 Variation of electroosmotic flow with time for soil S1 and S2  
under different voltage gradients, with lime enhancement 
 
It is noticed that with the introduction of lime solution a marginal increase in the flow 
volume and a marginal reduction in the duration of electroosmotic flow are observed 
particularly for soil S2 as can be seen from Figure 5.8 and Figure 5.9.  
 
Although no sound conclusions can be made based on the results (presented in Figure 
5.8 and Figure 5.9), it can be assumed that the slightly higher flow volumes observed 
with the introduction of saturated lime solution may be due to the replacement of Na ions 
by Ca ions resulting clay agglomeration and flocculation leading to an increased rate of 
dewatering. The possible exothermic formation of Ca(OH)2 may also increase the 
hydraulic flow through lowering the viscosity. The slightly higher flow volumes recorded 
for soil S2 is due to the higher clay fraction available for DDL reactions and associated 
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higher liquid flow. However, further investigations are required to confirm these 
observations. 
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Figure 5.8 Electroosmotic flow volumes with increasing voltage gradients with  
water and lime enhancement 
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Figure 5.9 Electroosmotic flow durations with increasing voltage gradients with 
water and lime enhancement 
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The duration of electroosmotic flow is marginally low with lime introduction (Figure 5.9). 
It is known that electroosmosis generates a uniform fluid flow and aids transport of non 
ionic and non polar as well as ionic species through the tight pores of soil without 
causing an immovable plug of concentrated material to accumulate at some distance 
from the electrode. However, with the introduction of saturated lime solution, processes 
such as electromigration of Ca ions, interactions with DDL, development of other 
possible ionic complications and soil structural modifications due to clay-lime 
interactions under a CHE gradient could interfere with the electroosmotic flow and retard 
the process. 
 
As a result of these electrochemical reactions and processes, the changes in the ionic 
concentration and subsequent development of pH gradient (consequently affecting the ζ 
of the soil) are identified as the dominant factors that control the electroosmosis flow 
through clay soils. 
 
However, with increasing processing time, in all the experiments, the rate of 
electroosmotic flow (cm3/min) gradually decreased (Figures 5.6 and 5.7) and so did the 
rate of development of pH gradient. With time, the rate of development of pH gradient 
slowed down and gradually stabilised as can be observed from results presented in 
Figure 5.10. 
 
With the increase of processing time, the electrokinetic processes across the soil are 
controlled by the ionic redistribution processes within the soil porous media resulting a 
complex system chemistry. These ionic redistribution processes are mainly due to  
(i) the coupled CHE gradients developed under varying electrical potentials and their 
consequent counter effects on the rate of species migration through porous media,  
(ii) the development of the pH gradient and the advancement of acid and alkali fronts 
across the soil layer between the electrodes at various rates,  
(iii) chemical reactions between migrating ions and adsorption/desorption of ions in the 
DDL and  
(iv) other geochemical reactions such as precipitation (precipitation of some inorganic 
species into hydroxide salts at high pH environment at cathode) dissolution, redox 
and complexation (Complexation could reverse the charge of the ion and might 
reverse direction of migration). 
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Figure 5.10 Variation of pH gradient with time  
under different voltage gradients with water enhancement  for soil S1 & S2 
 
 
As a result of these ionic redistributions, with time, chemical reactions associated with 
the electric field slow down. This slowing down of chemical reactions may be also 
affected by several other processes such as,    
(i) decrease in water molecules available for electrolysis (due to various dynamic 
complications that develop at the electrodes),  
(ii) gradual decline of rate of electrolysis of the water molecules, leading to a 
consequent reduction in the electroosmotic flow (Acar & Alshawabkeh, 1993), 
(iii) redistribution of ions across the soil layer and a gradual decline of the current flow, 
Cathode 
Cathode 
Anode 
Anode 
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(iv) the gradual decrease of the pH at cathode due to the meeting of migrating acid 
front (Hamed et al, 1991), and accompanied reduction in the flow rate (Hamed et 
al, 1991; Lockhart, 1983a), 
(v) the acidic solution also causes the charge on the mineral surface to become more 
positive, and this also reduces electroosmotic flow and/or the number of ions in the 
solution, 
(vi) the increased amount of exchangeable cations in the soil solution could 
subsequently suppress the DDL and contribute to the decrease in electroosmotic 
flow, 
(vii) retardation of pH gradient development within the system due to the buffering 
capacity of the soil, which is the ability of the soil to react and resist against the 
changing pH and   
(vii) effect of lime introduction and possible pozzolanic reactions at some regions 
across the electrodes.  
 
Consequently, the ionic concentration in the DDL changes continuously and leads to 
modifications in the chemistry across the soil. This changing chemistry across the soil 
results in variations in the chemical (concentration), hydraulic and electrical potential 
differences both in time and space. 
 
These test results indicate that during the early stages, the electromigration of acid and 
base fronts is also aided and supplemented by the electroosmotic flow. However, with 
time, although the electroosmotic flow is decreased and eventually completely ceased, 
under some experimental conditions, the variation of pH continued for further time 
periods.  This is due to the continuation of process of electromigration within the system. 
Hence, it appears that with time, under certain experimental conditions, the process of 
electromigation becomes the prominent transport mechanism of ionic species 
surpassing the transport by electroosmotic flow. The relative contribution of 
electroosmosis and electromigration to the total mass transported depends on the soil 
type, water content, types of ion species, pore fluid concentration of ions and processing 
conditions.  
 
5.2.1 Effect of Soil Type on Electromigration and Electroosmosis  
 
The variation of pH with time for Soil S1 and S2 under a voltage gradient of 0.5V/cm at 
electrode positions is presented in Figure 5.11.  It can be clearly noticed that with time, 
the development of pH gradient is slowed down and gradually stabilises.  
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Figure 5.11 Variation of pH gradient with time  
under 0.5 V/cm voltage gradient with water enhancement for soil S1 & S2 
 
It is also observed that, with longer processing periods, the change in pH for soil S2 is 
slightly less than that of soil S1. This can be explained using the buffering capacity of 
the soil, which is the ability of the soil to react and resist against the changing pH. The 
changing pH chemistry across the soil depends upon the amount of acid generated at 
the anode (electrolysis) and the buffering capacity of the soil. From the two soils tested 
in this study, the soil S1 has a much lower buffering capacity, because it has low clay 
content and therefore a lower CEC. It can therefore be assumed that the higher 
buffering capacity (associated with the higher CEC) and high carbonate content of soil 
S2 would have offered somewhat higher resistance against the changing pH which is 
observed by the slightly reduced the pH gradient development in soil S2.  
 
Out of the two soil types S1 and S2, a higher liquid flow volume was recorded for soil S2 
(Figure 5.12). Fundamentally, it is known that the electroosmotic flow occurs in soils 
primarily due to the presence of clay minerals inherently containing a thin water film 
(DDL) around a charged clay particle. Therefore it can be assumed that the higher 
electroosmotic flow recorded for soil S2 is mainly due to the presence of higher clay 
content, which gives rise to greater electroosmotic flow volumes. The higher initial water 
content of soil S2 would also have contributed to this higher liquid flow volumes. Also, 
for both the soils, the externally applied hydraulic heads (due to anode enhancement) 
could also have influenced the total electroosmotic liquid flow. 
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Figure 5.12 Total electroosmotic flow volumes for soil S1 and S2  
with increasing voltage gradients  
 
It was also noted that with the introduction of saturated lime solution from anode, there 
is a slight decrease in the acidity at the anode, particularly for S2 as can be seen from 
Figure 5.5. This is due to the availability of higher clay fraction in soil S2 that could react 
with lime and thereby slightly reduce the effect on the generation of acidic medium at 
anode due to electrolysis. 
 
5.2.2 Effect of Hydraulic Gradient on the Fluid Flow 
 
Although the migration of liquids during EK processing is mainly due to the 
electroosmosis, the hydraulic gradients that are either externally applied and/or 
internally generated can also affect the hydraulic flow. In this investigation, initially, the 
soil is subjected to a small externally applied hydraulic head due to the supply of anode 
enhancement liquids via external reservoirs. With time, due to ionic redistribution 
complications that develop within the porous media, differential hydraulic potentials are 
generated within the soil leading to different rates of fluid flow from different regions 
across the soil. The rates of fluid flow depend on various other influential factors such as 
soil type, clay content, hydraulic conductivity, DDL characteristics, various experimental 
and ambient conditions etc. Due to these differentials in hydraulic potentials, flow of fluid 
occurs from points of high energy to points of low energy. Therefore, it can be assumed 
that the migration of water during EK processing is due to a coupled effect of both 
hydraulic and electric gradients. 
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The following figure (Figure 5.13) presents the electroosmotic flow volumes recorded for 
soil S1 and S2 without the influence of an externally applied hydraulic head.  
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Soil S2,  Electroosmotic Flow
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Figure 5.13 Variation of electroosmotic flow with time for soil S1 and S2 
under different voltage gradients without subjecting to anode enhancement  
 
It can be seen that there is a slight reduction in electroosmotic flow volumes in 
comparison to the flow volumes recorded with a hydraulic head (Figure 5.6 page 104). 
This is particularly so at low voltage gradients. A comparison between total flow volumes 
recoded for soil S1 and S2 with and without anode enhancement is graphically 
presented in Figure 5.14.  
 
With the hydraulic head, liquids are continuously available at the anode that can give 
rise to total flow volumes due to availability of free water that can be dragged with the 
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osmotic flow. The continuous supply of anode liquids also enhances electrolysis 
reactions for longer periods. However, with higher voltage gradients, although there is 
an externally applied hydraulic head, its effects on the rate of liquid flow is lessened by 
the other electrokinetic and ionic complications developed with increasing voltage 
gradients. These complications are discussed in some detail in a later section (5.2.4) of 
this chapter. 
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Figure 5.14 Total electroosmotic flow volumes for soil S1 and S2  
with increasing voltage gradients with and without anode enhancement 
 
Similarly,  
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Figure 5.15 Electroosmotic flow durations for soil S1 and S2  
with increasing voltage gradients with and without anode enhancement 
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Figure 5.16 indicates the variation of water content of soils S1 and S2 with time when 
the soils are not subjected to a voltage gradient (i.e. electrokinetic processing) and 
hydraulic gradient (anode enhancement). It is noticed that the soils gradually dries under 
ambient conditions, with time.    
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Figure 5.16 Variation of water content of soil S1 and S2 with time  
without subjecting to a voltage gradient and anode enhancement   
 
The results of tests conducted with only a hydraulic head (supplied using distilled water 
and lime enhancement) and without subjecting to electrical gradient (i.e. electrokinetic 
processing) are presented in Figures 5.17 & 5.18 respectively. These results present the 
migration of soil pore fluid under the hydraulic gradient alone. 
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Figure 5.17 Variation of water content of soil S1 with time  
under a hydraulic gradient and without subjecting to a voltage gradient  
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Figure 5.18 Variation of water content of soil S2 with time  
under a hydraulic gradient and without subjecting to a voltage gradient  
 
These figures show that due to the externally applied hydraulic head, the fluid has 
travelled a small distance from anode towards cathode, under a hydraulic gradient alone 
as evident by the increased water contents in the regions closer to the anode. However, 
due to the hydraulic head being so small and soils being subjected to continuous 
evaporation and natural drying, the fluid flow does not appear to travel a considerable 
distance under the influence of the applied hydraulic head alone.  
 
Out of the two experimental soils, the distance of fluid flow under this hydraulic head for 
soil S2 appear to be sightly less than that of soil S1. This may be due to the lower 
hydraulic conductivity of soil S2. 
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Soil S1, Variation of moisture content w ith time at cathode and 
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Soil S2, Variation of moisture content w ith time at cathode and 
anode position (no voltage gradient)
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Figure 5.19 Variation of water contents at anode and cathode positions without 
subjecting to a voltage gradient for soil S1 and S2 
 
 
As can be noticed from Figure 5.19, the ingress of water from anode end managed to 
keep the anode region comparatively wet throughout the experimental duration. This 
would also have been facilitated by the hydraulic head at the anode.  
 
5.2.3 Variation of Moisture Condition 
 
The continuous changes in chemistry in the pore solution and consequent changes in 
the zeta potential lead to several other dynamic changes within the soil. The most 
prominent observation is the development of negative pore water pressures and osmotic 
suctions within the soil. This leads to variations in the moisture conditions resulting in 
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wet and dry regions in the soil between electrodes. This can subsequently create 
several complications in EK processes. This can greatly affect the effectiveness of 
electrokinetic treatment and could lead to premature ceasing of the process.   
 
In all experiments, after about 7 to 14 days, some areas (regions) between the 
electrodes started drying, developing zones of low electrical conductivity. This area 
corresponded to the lowest electrical conductivity reported during the experiments.  
 
With the changes in the conductivity of the pore solution, differentials in the voltage 
gradients develop at local regions along the soil profile. From Helmholtz theory, it is 
evident that ζ and electrical potential gradient (ie) are directly proportional to the 
electroosmotic flow rates. Therefore, any variations in the zeta potential and voltage 
gradient occurring at local regions generate a non uniform electroosmotic flow rates 
along the soil profile. With the varying elctroosmotic flow rates, regions with different 
electroosmotic potentials and negative pore water pressures (suction) are developed. 
Due to these different electroosmotic potentials and pore pressures some regions 
between the electrodes dry out quicker relative to the other zones. As a result, regions 
with varying moisture conditions built up and lead to consolidation and shrinkage of soil 
in some regions between electrodes. With the increase of electrokinetic processing time, 
cracks develop in the soil layer with the most prominent cracks between the sections of 
variable moisture conditions (between the dry and wet zones) across the soil layer. 
Once the cracks start to develop, the species transport through the soil under 
electroosmosis or electromigration gradually diminishes and subsequently comes to a 
halt due to complete discontinuity of the electrical/hydraulic circuit. This subsequently 
completely hinders the electrokinetic processing.  
 
Out of the two experimental soils, for soil S1 the greatest suction pressures occurred in 
the cathode area as observed by a relatively dry zone developing closer to the cathode. 
However, for soil S2, this development of driest zone and highest consolidation occurred 
closer to the anode. These driest areas corresponded to the lowest electrical 
conductivity reported during the experiments. Appendix 2 presents photos illustrating 
some of these observations.  
 
Soil S2 contained a higher clay fraction and therefore a low hydraulic conductivity. With 
varying electroosmotic flow rates and development of negative pore water pressures, 
although there is a supply of liquid from anode, due to low permeability of the soil and 
subsequent slow migration of water from anode to cathode, there is insufficient water 
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flow from the anode region towards the cathode to balance and compensate the 
prevailing electroosmotic flow developed at the cathode. Therefore, a dry zone is 
gradually created closer to the anode even with the ingress of water through an anode 
compartment. Ugaz, et al., (1994), reported somewhat similar results for low permeable 
soils subjected to electrokinetic processing. 
 
However, in contrast, for soil S1 the greatest suction pressures occurred closer to the 
cathode. It can be assumed that the higher hydraulic conductivity of soil S1 would have 
led to a higher rate of flow of liquid from anode towards cathode. As a result, the areas 
closer to the anode kept comparatively wetter for soil S1 while the liquids have travelled 
slightly longer distance from anode towards cathode. This hypothesis is also supported 
by the results presented in Figure 5.17 for the distance of fluid flow under a hydraulic 
head alone for soil S1 and S2. The results presented in this figure indicates varying 
distances of fluid flow from anode towards cathode (sightly higher for soil S1) under a 
given hydraulic head, depending on their hydraulic conductivities. 
 
From these results it is evident that with EK processing, the development of dry areas 
leading to almost non conductive regions across the soil should be expected. The 
results further demonstrate that settlements, consolidation and shrinkage are to be 
expected in some regions between the electrodes even when an open electrode 
configuration (which permits ingress and egress of the electrode fluids) is used. These 
complications can greatly affect the effectiveness of electrokinetic treatment and could 
lead to premature ceasing of the process.   
 
5.2.4 Effect of Voltage Gradient on Electromigration and Electroosmosis 
 
With the increase of electrical potential, a higher rate of development of the pH gradient 
across the electrodes can be observed during the early stages of the EK process (see 
Figure 5.10, page 109). In other words, the effect of increasing voltage gradients on pH 
gradient development is more prominent and takes place at a higher rate during the 
early periods of the EK processing. However, with time, as reported in the preceding 
discussion, the rate of development of this pH gradient is slowed down while under 
higher electrical potentials, this changing pH gradient and migration of acid/base profiles 
are slowed down and retarded quicker.  
 
It is also observed that with lower voltage gradients, the electroosmotic flow continued 
for a longer time duration, although the resulting total flow volumes were slightly smaller. 
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With higher voltage gradients, there is an increase in the flow volume, however, the 
duration of electroosmotic flow decreased correspondingly. In other words, as the 
voltage gradient increases, the duration of electroosmotic flow, (i.e. the effective 
duration within which measurable quantities of flow was observed) gradually reduced 
(see Figure 5.20) for both soil S1 and S2. 
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Figure 5.20 Electroosmotic flow durations for soil S1 and S2  
with increasing voltage gradients with water enhancement 
 
 
With the increase of voltage gradient, the rate of electrolysis reactions of water 
molecules and the release of H+ ions also increase. This is especially so at the start of 
the process as ionic retribution complications are not yet developed. In response to 
higher electrolysis reactions, high pH gradients are generated, and, there is a 
corresponding higher electro-osmotic flow. However, with time, under all voltage 
gradients the development of pH gradients is diminished and so did the electroosmotic 
flow. This is due to the slowing down of electro-chemical reactions. With the increasing 
voltage gradients, the rate of electroosmotic flow declined much quicker, with a 
corresponding reduction in the flow duration (see Figure 5.20). This was generally 
associated with a precipitation of some ionic compounds around the regions of the outlet 
flow paths.  
 
During the EK processing, apart from the electrolysis, electroosmosis and 
electromigration, the process of electrophoresis, which is the movement of charged 
particles under an electric field, can take place due to the presence of negatively 
charged clay minerals. As the individual clay minerals can be comparatively larger than 
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ionic species, they can eventually block the flow paths. Moreover, electromigration 
carries inorganic species (eg. colloids) across the soil and when these species meet the 
hydroxide front close to the cathode, they precipitate around the cathode region. This 
premature precipitation of species around the cathode impedes and gradually 
diminishes the liquid flow since it blocks and forms a barrier within the pore space to the 
liquid flow. Although, principally, these complications can develop during EK processing 
under any voltage gradient, the development of these complications can be expected to 
take place much quicker with higher voltage gradients. Also, the other system 
complications such as the development of non conductive regions across the soil 
leading to settlements, consolidation and shrinkage etc., could also take place at a 
higher rate with high electrical potentials. The combined effects of these consequences 
would have contributed to the relative rapid diminishing of EK processes with increasing 
voltage gradients. 
 
These observations also indicate that, for a given soil, the optimal results would be 
achieved under optimal voltage gradients and time durations, at which development of 
system complications would be minimal. As illustrated in Figure 5.21, it is evident that at 
a given time, the development of pH gradient under different voltage gradients for soils 
S1 and S2 reached a peak at a voltage gradient between 0.5 and 1.0 V/cm. The effect 
of higher voltage gradients (greater than 1.0 V/cm) on the development of pH profile is 
almost insignificant as can be seen from the data presented in Figure 5.21.   
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Figure 5.21 Variation of pH gradient for soil S1 and S2 at 7 days 
with increasing voltage gradients with water enhancement  
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5.2.5 Variation of Cathode Effluent pH  
 
The variation of pH of the outflow liquid (cathode effluent) with time, (subjected to 60 day 
processing period) under different voltage gradients for soil S1 and S2 is presented in 
Figure 5.22. From these data, it is noticed that, soon after the application of the direct 
current, a highly alkaline liquid medium has generated at the cathode end with pH 
values greater than 10 (a pH value considerably higher than the soil pH in the cathode 
region). 
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Figure 5.22 Variation of cathode effluent pH with time for soil S1 and S2   
under different voltage gradients, with water enhancement 
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With increasing processing time, initially, the pH appears to increase, which is followed 
by a subsequent decrease. This decrease in the pH is accompanied by the decrease in 
flow rate. This variation is more pronounced for soil S2 (containing higher clay fraction), 
under all voltage gradients. Similar trends have been reported by Hamed, et al., (1991). 
In response to the increasing voltage gradients, the variation of pH appears follow the 
same trend, but at a higher rate. Acar & Alshawabkeh, (1993), observed similar pH 
variation for a kaolinite clay.  
 
Similar trends were observed with the introduction of saturated lime solution (Figure 
5.23). 
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Figure 5.23 Variation of cathode effluent pH with time for soil S1 and S2   
under different voltage gradients, with lime enhancement 
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From the data presented in the Figures 5.22 and 5.23, it is observed that the cathode 
effluent (pore fluid) pH is considerably higher than the soil pH in the cathode region 
(Figures 5.1 to 5.4). This is associated with the different rates of changing H+ ion 
concentration between DDL (of the clay mineral) and free water at the boundaries (near 
electrodes) under the coupled effect of CHE gradient. The pH of the pore fluid at 
cathode is significantly high due to the higher rate of electrolysis reactions at cathode 
and consequent high concentration of OH ions at cathode pore fluid. With the 
advancement of this base front towards anode (which is eventually slowed down and 
retarded by the counter flow due to electroosmosis from anode towards cathode), the 
soil pH also increases due to the changes in the DDL ionic concentration. However, the 
increase in soil pH is not as great as the increase in the pore fluid pH since the soil pH is 
dependent on the rates at which the sorption and desorption occurs in the DDL, that in 
turn depends on the DDL ionic concentration. Therefore, it is apparent that the pH of the 
pore fluid at the cathode is dominated by the pH boundary conditions and their flow 
rates while the soil pH is controlled by the rate at which the H ions adsorb on to the clay 
surface.  
 
5.3 CURRENT FLOW 
 
The electrolysis reactions at the electrodes and consequent changes in the pH of the 
pore solution strongly influence both the current flow and electroosmotic flow through 
the porous media. 
 
As can be seen from Figure 5.24, tests begin with relatively high currents and with time, 
the current reduces quickly, generally within the first 10-15 days. It is observed that the 
currents dropped significantly to a level of less than 25 mA, in about 10-30 days under 
all voltage gradients for both soil S1 and S2. This declining rate is observed to be faster 
for higher voltage gradients.  
 
Figure 5.25 presents the generally similar current flows with lime enhancement. 
 
During the initial period, the conductivity of the initial pore solution is high as a result of 
the dissolution of salt precipitates that were associated with the negatively charged clay 
particles. The higher ionic concentration of the pore solution at the start of experiments 
leads to a high current flow across the electrodes. Moreover, the electrolysis reactions at 
the electrodes take place at a higher rate and generate H+ ions at the anode.  
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The moving acid front also causes additional mineral dissolution and more ion 
electromigration. These reactions then lead to high initial currents.  
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Figure 5.24 Variation of current flow with time for soil S1 and S2  
under different voltage gradients, with water enhancement 
 
However, the initial ionic concentration present in the pore solution gradually diminishes 
with time due to the advection, diffusion, electromigration and adsorption to the clay 
mineral. This eventually redistributes the ions across the soil layer. The water molecules 
available for electrolysis also decrease with time. Consequently, with time, the current 
flow gradually declines.  
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Figure 5.25 Variation of current flow with time for soil S1 and S2  
under different voltage gradients, with lime enhancement 
 
In general, with increasing electrical potential, there is an almost linear increase in the 
initial currents recorded across the electrodes (see Figure 5.26). The higher rate of 
electrolyses reactions at the electrodes under higher electrical potentials leads to higher 
flow of currents. 
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Figure 5.26 Average initial current across electrodes for soil S1 and S2  
with increasing voltage gradients  
 
It is noted that the variation of current flow observed for each separate test setup for 
various electrokinetic processing periods of 3, 7, 14 30, and 45 days are generally 
similar with similar mean initial currents and similar trend of  variation.  
 
Table 5.1 presents the current flow recorded for soil S2 under a voltage gradient of 
0.5V/cm for each separate test setup for various processing periods. Similar 
observations were recorded for all other test series under all voltage gradients. 
  
Table 5.1 Current flow for soil S2 under a voltage gradient of 0.5 V/cm 
Recorded current (mA) 
Elapsed time (days) 
Electrokinetic 
Processing 
Period (days) 0 3 7 14 30 45 60 
3 274 306      
7 270  88     
14 268 301  17    
30 271 307  18 6   
45 276 299 84  6 3  
60 270 300 82 14 7 4 2 
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The average initial currents recorded for soil S1 and soil S2 are presented in Table 5.2. 
As can be noted from this data, slightly higher initial currents are observed for soil S2. 
This is attributed to the higher initial water content of soil S2 as well as the specific 
mineralogical properties of soil S2 leading to higher electroosmotic conductivity of the 
soil S2. 
 
Table 5.2 Initial currents (average) recorded for soil S1 and soil S2 
Average Initial Current (mA) 
Voltage gradient (V/cm) Soil type 
0.25 0.5 1.0 2.0 
S1 181 208 251 310 
S2 233 270 288 368 
 
From these results and based on H-S theory, it is noted that the flow of current through 
a porous media subjected to a voltage gradient depends on several factors that may 
include; 
(i) the initial system chemistry of the soil liquid medium,  
(ii) initial ionic concentration of the pore solution,  
(iii) initial water content and degree of saturation of the soil,  
(iv) the electroosmotic and hydraulic conductivity of the soil and  
(v) the electrochemical processes initiated due to the application of the electrical 
potential across the porous media and their relative dominancy to each other.   
 
5.4 VARIATION OF ELECTRICAL CONDUCTIVITY 
 
The variation of electrical conductivity (EC1:5), across the electrodes for soil S1 and S2 
with time under a voltage gradient of 0.5 V/cm with water and lime enhancement is 
presented in Figure 5.27 and 5.28. 
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Figure 5.27 Variation of Electrical Conductivity (EC1:5) across soil S1 and S2 
with time under 0.5 V/cm voltage gradient with water enhancement 
 
From these data, it is noticed that electrical conductivities are highly variable without 
offering any noticeable trends. However, comparatively high electrical conductivities are 
noted at the electrodes as well as some other locations between the electrodes. The 
electrical conductivities at the electrode relate to the extreme pH values at anode and 
cathode. Also, the generation of hydrogen ions at anode that are very conductive 
(mobile) in solution could lead to high EC values at the anode. The high EC values 
recorded at the cathode are due to the accumulation of cations (predominantly Na+ ions) 
in this area. 
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Figure 5.28 Variation of Electrical Conductivity (EC1:5) across soil S1 and S2 
with time under 0.5 V/cm voltage gradient with lime enhancement 
 
It is known that the electrical conductivity is inversely related to the resistance offered to 
current flow. This resistance to current flow developed in the porous media depends 
mainly on the variations in pore fluid and DDL electrolyte concentration. The ionic 
concentrations continuously change due to various electrokinetic and ionic redistribution 
processes of the pore solution between the electrodes. Therefore at a given time, at a 
given location between the electrodes, the EC may depend on, 
(i) the rate of advancement of acid and base fronts and their respective positions 
between the electrodes,  
(ii) the amount and rate of additional mineral dissolution due to moving acid front and 
their electromigration,  
(iii) the rate of migration of other ionic species, 
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(iv) sorption and desorption of ions from DDL and the consequent changes in pore 
fluid ionic composition, 
(v) any accumulation and precipitation of ionic compounds that hinders current flow 
and consequently the EC and  
(vi) development of dry areas leading to almost non-conductive regions across the soil. 
 
However, there are number of other parameters which could affect the electrical 
conductivity of a soil porous media. They include, pore fluid composition, porosity, 
tortuosity, degree of saturation, clay mineralogy (as it affects particle size, shape and 
surface conductance due to the properties of DDL), structure (i.e. pore size distribution, 
particle orientation, pore shape), temperature and pressure. 
 
The high EC values from the cathode region are confined to the zone immediately 
around the cathode because the base front does not migrate out towards the anode to 
any significant extent.  
 
As can be seen from Figure 5.27 and 5.28, the lowest EC recorded throughout the 
experimental duration correspond to the excessively dry area developed for each soil 
between electrodes.  
 
From these results it is evident that once a soil is subjected to EK processing, EC can 
no longer be used as a measure of soil salinity as EC is significantly modified by the 
complex EK processes. 
 
5.5 DISCUSSION 
 
From the results presented it become evident that at the initiation of EK processing, the 
most prominent and effective reaction is electrolysis and generation of H+ and OH- ions. 
Therefore, the immediate chemistry at the electrodes is generally predominated by the 
electrolysis reactions and rate of generation of H+ and OH- ions.  
 
The prevailing of electrolysis reactions at the electrodes depends on the availability of 
chemical species and the electrochemical potentials of these reactions. During the early 
stages, the water reduction half reaction (H2O/H2) at anode is the dominant reaction 
(Alshawabkeh, 2001). Moreover, the ionic mobility of H+ is 1.76 times greater than that 
of OH- (Alshawabkeh, 2001) and therefore the transport of H+ ions (i.e. acid front) are 
Chapter 5                                                                                                Conductance Phenomena during EK Processing  
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 133 
  
 
 
faster and more mobile than OH- ions.  Hence the development of pH gradient across 
the electrodes is dominated by the transport of acid front.  
 
It is noticed from these results, with time, the migration of the acid front across the soil 
towards the cathode, is at a rate subjected to and governed by the combined effect of 
changing chemical, hydraulic and electrical potentials (CHE) of the soil-liquid medium.   
 
As can be observed from the experimental results it is evident that the acid front and 
other cations advance across the soil medium towards the cathode by the combined 
effect of several electrokinetic mechanisms. From the test results, electroosmosis and 
electromigration can be identified as the major transport mechanisms while advection 
under the hydraulic potential difference is also identified as a contributing process to a 
lesser degree. Diffusion due to concentration gradients is also often regarded as a 
common transport mechanism contributing to ionic transport however, this transport 
mechanism is not investigated in the experimental results presented in this chapter.  
 
The test results also showed that the advancement of base front is not as quick as the 
acid front. In general, the base front (alkaline medium) developed at the cathode can be 
expected to advance towards the anode by diffusion and ionic migration. However, the 
advancement of base front is retarded from moving towards the anode by the counter 
flow due to electroosmosis from anode towards cathode. Since the electroosmotic flow 
rate is significantly high and active at the start, the flow reaches base front quicker.  
Further, as reported in the literature, it is also known that the precipitation of metal 
hydroxides at highly alkaline environment also contributes to the slowing down of the 
migration rate of base front (Acar, et al., 1990; Acar, et al., 1994). As a result, the base 
front generated at the cathode penetrates the soil only a narrow distance from cathode 
towards anode. This creates a zone of high pH near the cathode. Consequently, the 
acid front dominates the chemistry across the specimen except for small sections close 
to the cathode (Acar, et al., 1990; Acar, et al., 1994; Alshawabkeh & Acar, 1992).  
 
As discussed in the preceding sections, with the development of the pH gradient, 
several geochemical reactions take place within the soil porous media. The major 
processes can be considered as precipitation/dissolution, sorption, redox and 
complexation which are all highly dependent upon the pH condition generated by the 
process. These processes can significantly impact electrokinetic remediation and can 
either enhance or retard the process. For example, the formation of high pH 
environment at cathode promotes retention of inorganic species on the clay surfaces, 
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and precipitation of some inorganic species into hydroxide salts. The increase in the pH 
also causes the precipitation of heavy metal ions near the cathode. This eventually 
could lead to plugging of the pores and thereby retardation of the flow. Subsequently, 
the transport of ionic species slows down and gradually diminishes. As a result, the 
extraction and removal efficiency reduces and this can limit and subsequently retard the 
electrokinetic processes. Complexation could reverse the charge of the ion and might 
reverse direction of migration. The acidic medium generated at the anode enhances 
desorption of cations and other species from the negatively charged clay surfaces and 
aids their release into the pore fluid while it also encourage dissolution of most metal 
precipitates. The advance of the acid front from the anode towards the cathode assists 
in desorption and dissolution of metal precipitates. This phenomenon together with the 
concurrent electroosmotic flow then constitutes the mechanism for removing 
contaminants from soils. 
 
5.6 CONCLUSIONS 
 
From the results presented in this chapter, the following conclusions can be made. 
 
With the application of a direct electric current to the soil-liquid medium, the water 
particles at the anode and cathode hydrolysed and generated an acidic medium at the 
anode and an alkaline medium at the cathode and a clear pH gradient is developed in 
the soil between the electrodes.  
 
The commencement of electroosmotic flow is observed immediately after the application 
of direct current. This is primarily due to the existence of thin water film (DDL) around a 
charged clay particles. As the DDL consists of a relatively mobile layer (outer layer) and 
a fixed layer (inner layer of DDL), under an imposed electrical gradient, the mobile part 
of the DDL moves towards the negatively charged electrode and this movement impose 
a viscous drag on the free water in the porous medium and thus progress the mobility of 
water.  
 
During the initial period, the conductivity of the initial pore solution is high which led to a 
high current flow across the electrodes.  
 
With time, the acid front (H+) advanced towards the cathode and the alkali front (OH- 
ions) migrated towards the anode which is evident through the continuous change in the 
pH profile. The experimental results showed that the migration of the acid front towards 
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the cathode, with time, is at a rate subjected to and governed by the combined effect of 
changing chemical, hydraulic and electrical potentials (CHE) of the soil-liquid medium. 
Various other ionic species also started to migrate to oppositely charged electrodes, 
dominantly from anode towards the cathode as evidenced by the accumulation of 
materials around the cathode.  
 
With increasing processing time, the rate of electroosmotic flow gradually decreased 
and so did the rate of development of pH gradient. With the increase of processing time, 
the electrokinetic processes across the soil are controlled by the ionic redistribution 
complications develop within the soil. The changing chemical, hydraulic and electrical 
gradients developed within the porous media and their consequent counter effects on 
the rate of species migration, and other geochemical reactions such as 
precipitation/dissolution, adsorption/desorption redox and complexation are identified as 
the main mechanisms responsible for the system chemistry of the porous media. As a 
result of these electrochemical and geochemical reactions and processes, the changes 
in the ionic concentration and subsequent effect on the ζ of the soil are identified as the 
dominant factors that control the electroosmosis flow through clay soils. 
 
With time, the ionic concentration of the pore fluid gradually reduced across the soil 
layer. When the ionic concentration is depleted the resistance to current flow is 
increased. As a result, the current flow across the soil gradually decreased. It is also 
noted that the flow of current through a porous media depends on several factors such 
as the initial system chemistry of the soil liquid medium, initial ionic concentration of the 
pore solution, initial water content and degree of saturation of the soil, the 
electroosmotic and hydraulic conductivity of the soil and the electro-chemical processes 
initiated due to the application of the electrical potential across the porous media and 
their relative dominancy to each other.   
 
Across the soil layer, the moisture content started to vary and regions were developed 
with different moisture contents. This is due to the variations in the zeta potential and 
voltage gradient occurring at local regions between the electrodes leading to non 
uniform electroosmotic flow rates. The suction pressures developed in the drying areas 
resulted in some shrinkage and subsequent development of cracks between different 
moisture regions. This created almost non conductive regions across the soil and led to 
untimely ceasing of EK processing. Thus, the results highlight the need for the 
development of appropriate practical methods for the satisfactory progress of 
electrokinetic soil treatment to the required duration. The selection of appropriate 
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materials, methods, soil conditioning techniques, voltage gradient and subsequent 
estimation of required durations of treatment are dependent on many factors that include 
the type and characteristics of the soil to be treated,  required degree of treatment, 
environmental and climatic conditions and the potential end use of the treated soil.  
 
Out of the two experimental soils, soil S2 showed a higher response to many of the 
electrochemical, geochemical and dynamic processes due to the presence of higher 
clay fraction in soil S2. The higher clay fraction in soil S2 resulted a higher 
electroosmotic flow (due to higher clay fraction leading higher DDL osmotic flow), 
offered higher resistance to changing pH gradient (due to higher buffering capacity), 
resulted lesser distance of fluid flow from anode towards cathode under a hydraulic 
head alone (due to the low hydraulic conductivity), created an excessively dry zone 
closer to the anode itself (due to low permeability of the soil and subsequent slow 
migration of water from anode to cathode) and resulted slightly higher initial currents 
(due to higher clay fraction leading higher DDL ionic reactions).  The higher clay fraction 
in soil S2 also reacted at a higher intensity with the introduction of lime solution from 
anode and showed somewhat higher effects due to clay-lime interaction. 
 
With the increasing voltage gradient, at the start of the process, due to higher rate of  
hydrolysis and the release of H+ ions, high pH gradients are generated, and there are 
corresponding higher electro-osmotic flows. However, with time, with the increasing 
voltage gradients, the rate of electroosmotic flow declined much quicker, with a 
corresponding reduction in the flow duration. This is mainly due to the development of 
ionic redistribution complications at a higher rate and much quicker with higher voltage 
gradients. Also, the other system complications such as the development non-
conductive regions across the soil leading to settlements, consolidation and shrinkage 
etc., could also take place at a higher rate with high electrical potentials. The combined 
effects of these consequences appear to have contributed to the quick diminishing of EK 
processes with increasing voltage gradients. 
 
With the introduction of lime solution, although the trends of electrokinetic processes 
were generally similar, slight divergences were observed due to possible clay-lime 
interactions, both short term and long term. These were particularly apparent for soil S2 
as this soil contained a higher clay fraction available for such clay-lime interactions at a 
higher degree. The slight decrease in the acidity noticed at the anode is due to the 
inverse effects of highly alkaline lime has on the development of the acidic medium at 
the anode due to electrolysis. The slightly higher flow volumes are recognized as a 
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result of possible clay agglomeration and flocculation leading to increased rate of 
dewatering. The slight reduction in the duration of electroosmotic flow can be due to the 
electromigration of Ca ions, interactions with DDL, development of other possible ionic 
complications and soil structural modifications due to clay-lime interactions leading to 
the slowing down of flow. However, further investigations are required to confirm these 
observations and to draw solid conclusions.  
 
It is observed that electrical conductivities are generally high near the electrodes as a 
result of extreme pH values at anode and cathode. However, in the regions between the 
electrodes, the EC values are highly variable. It is known that the electrical conductivity 
is inversely related to the resistance offered to current flow. Therefore at a given time, at 
a given location between the electrodes, the EC may depend on, the rate of 
advancement of acid and base fronts and their respective positions between the 
electrodes, the amount and rate of additional mineral dissolution due to moving acid 
front and their electromigration, the rate of migration of other ionic species, sorption and 
desorption of ions from DDL and the consequent changes in pore fluid ionic 
composition, any accumulation and precipitation of ionic compounds that hinders current 
flow and consequently the EC and development of dry areas leading to almost non-
conductive regions across the soil. Apart from these pore fluid composition, porosity, 
tortuosity, degree of saturation, clay mineralogy (as it affects particle size, shape and 
surface conductance due to the properties of DDL), structure (i.e. pore size distribution, 
particle orientation, pore shape), temperature and pressure could also influence the EC. 
 
The test results proved that the major transport mechanisms of ionic and other species 
across the electrodes are electroosmosis and electromigration. Some contribution from 
the applied hydraulic head (anode enhancement) is also evident from the experimental 
results. It is noted that the relative contribution of electroosmosis and electromigration to 
the total mass transported depends on the soil type, water content, types of ion species, 
pore fluid concentration of ions, DDL chemistry and processing conditions (i.e. chemical, 
hydraulic and electrical gradients and time durations). 
 
The experimental observations indicate that, for a given soil, the optimal outcomes 
would be achieved under optimal voltage gradients and time durations, at which 
development of system complications would be minimal. It is also noted that the extreme 
pH conditions developed at the electrodes need to be carefully monitored and treated 
depending on the expected outcome. This is due to the fact that high pH environment 
(created at cathode) may retard the electroosmotic flow due to retention of inorganic 
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species on the clay surfaces, and precipitation of some inorganic species into hydroxide 
salts. On the other hand, the acidic medium generated at the anode enhances the EK 
processing due to desorption of cations and other species from the negatively charged 
clay surfaces and dissolution of most metal precipitates in the porous media. These 
processes (desorption and dissolution) coupled with the concurrent electroosmotic flow 
is known to form the mechanism for removing contaminants from soils.   
 
The results also highlight the need for the development of appropriate practical methods 
to promote the satisfactory progress of EK processing to the required duration by 
counteracting the premature ceasing of the electrokinetic processing due to the 
development of non conductive regions as a result of soil drying.  
 
The selection of appropriate voltage gradient and subsequent estimation of required 
durations of treatment, soil conditioning/ enhancement materials and techniques are 
dependent on many factors that include the type and the characteristics of the soil to be 
treated, required degree of treatment, environmental and climatic conditions and the 
potential end use of the treated soil.  
 
For the two experimental soils, the test results showed that the development of pH 
gradient under different voltage gradients reached a peak at a voltage gradient between 
0.5 and 1.0 V/cm. The effect of higher voltage gradients (greater than 1.0 V/cm) on the 
development of pH profile appear to be almost insignificant. Similarly, under all voltage 
gradients, the optimal time duration within which most of the EK processes were still 
active and the counter effects of system complications were tolerable was identified to 
be generally up to 15 to 30 days. 
 
In the next chapter (Chapter 6), the migration of Na ions and the subsequent influence 
on the two important chemical parameters of salt affected soils; SAR (Sodium 
Absorption Ratio) and ESP (Exchangeable Sodium Percentage) are presented. The 
transport of other cations and the effects on CEC is also discussed. Moreover, a 
discussion on the removal efficiency of Na ions and thus the efficiency of EK processing 
as a salt affected soil treatment technique is also presented.  
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CHAPTER 6 
 
 
ELECTROKINETIC (EK) EFFECTS ON SODIUM (Na) 
REMOVAL FROM SALT AFFECTED SOILS  
 
 
6.0 INTRODUCTION 
 
In the previous chapter, (Chapter 5) a discussion was presented on various EK 
processes initiated and continued within the soil porous media with the effect of varying 
soil type, increasing voltage gradient and processing times and with and without the 
anode enhancements of distilled water and saturated lime solution. From these 
experimental results it was revealed that electromigration and electroosmosis are the 
main transport mechanisms of ionic species, particularly cations across the soil.  
 
In this chapter (Chapter 6), the migration of various cations across the soil is evaluated 
and discussed with a special focus on Na ions migration, as the soils are salt affected 
soils containing high percentage of Na ions.  The subsequent influence of Na migration 
on the two important chemical parameters of salt affected soils; SAR (Sodium 
Absorption Ratio) and ESP (Exchangeable Sodium Percentage) is also examined. The 
effects of ionic migration on soil mineralogical properties such as CEC are also briefly 
considered.  
 
The removal efficiency of Na ions from experimental soils and thus the efficiency of EK 
processing as a salt affected soil treatment technique is also analysed and presented. 
 
 
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 140 
  
 
 
6.1 MIGRATION OF IONIC SPECIES  
 
With the application of direct current across the electrodes, simultaneous flows of fluid, 
electricity and other chemical species, under the combined effect of chemical, hydraulic 
and electrical gradients (CHE gradient) take place. In this investigation, in all 
electrokinetic experiments, immediately after the current was applied, bubbles of 
hydrogen gas formed at and around the cathode due to the hydrolysis of water. Within 
hours, liquids were observed accumulating in the cathode wells. Within hours to days, 
organic matter (observed as a damp brown/ black colourisation) was also transported 
towards the cathode. Various other chemical species (observed as salt accumulation at 
the cathode electrode) moved across the soil towards the cathode and accumulated and 
precipitated in crystallised form around the cathode (Figure 6.1). This clearly indicated 
the migration of various species from anode towards the cathode and accumulation 
around the cathode. 
 
These precipitated crystals at the cathode were tested for the ionic concentrations and 
were found to be predominantly hydrated sodium carbonates. 
 
 
Figure 6.1 Accumulation of materials including salts around the cathode region 
 
 
 
 
Cathode 
electrode 
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Table 6.1 Concentration of major ionic species in cathode precipitate solution  
(Soil S1) 
Measure H+ OH- Na+ Ca2+ Mg2+ K+ Cl- 
ppm pH = 
11.1 
pH = 
11.1 
1530 17 120 8 0 
mol/L 7.92 x 
10-12 
0.00126 0.0665 4.24 x 
10-4 
0.00494 2.05 x 
10-4 
0 
ions/L 4.78 x 
1012 
7.61 x 
1020 
4.02 x 
1022 
2.56 x 
1020 
2.98 x 
1021 
1.24 x 
1020 
0 
charge/L 4.78 x 
1012 
-7.61 x 
1020 
4.02 x 
1022 
5.12 x 
1020 
5.96 x 
1021 
1.24 x 
1020 
0 
 
 
Note: Initial ionic concentrations in soil solution for soil S1 in ppm are Na+ = 230,  
Ca2+ = 18, Mg2+ =79, K+ = 18 
 
The high pH of the cathode precipitate indicates that there is a significant amount of 
hydroxides formed at cathode. The presence of major cations signifies the migration of 
these cations from anode towards the cathode. The significantly high Na concentration 
in the cathode precipitate indicates the extensively high rates of Na ion migration from 
anode towards cathode under EK processing. This highlights the potential of removal of 
Na ions from the soil using EK techniques. 
 
6.2 MIGRATION OF SODIUM (Na) IONS  
 
After the required EK processing time, the concentrations of water soluble and 
exchangeable Na ions of soil between five different regions across the electrodes was 
measured. 
 
Figure 6.2 and Figure 6.3 present the variation of Na ion concentration in the pore 
solution for soil S1 and S2 respectively, across the electrodes with time under different 
voltage gradients. The variation of Na ion concentration on the clay surface for soil S1 
and S2 are given in Figures 6.4 and 6.5 respectively. 
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Figure 6.2  Variation of Na ion concentration in solution across soil S1  
with time under different voltage gradients  
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Figure 6.3  Variation of Na ion concentration in solution across soil S2  
with time under different voltage gradients  
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Figure 6.4 Variation of exchangeable Na concentration across soil S1  
with time under different voltage gradients  
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Figure 6.5 Variation of exchangeable Na concentration across soil S2  
with time under different voltage gradients  
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From the results, it is noted that Na ions (both water soluble and exchangeable), have 
migrated from the anode towards the cathode at different rates. Higher Na+ ion 
concentrations at and around cathode is noted as a common observation, particularly at 
lower voltage gradients.  It is also evident that the rate of ion migration and consequent 
ionic concentration vary considerably both in time and space.  
 
As discussed in Chapter 5, under EK processing, cations and other positively charged 
species that are highly attracted and adsorbed onto the negatively charged clay surface 
are desorbed and subsequently transported towards the positively charged electrode 
together with the other cationic species present in the pore fluid. The mechanism for ion 
transport is the same as the acid or base transport mechanisms, i.e. ionic migration 
(electromigration), advection (electroosmotic and hydraulic) and ionic diffusion.  
 
The adsorption/desorption mechanism is highly dependent on pH of the media and 
several other factors such as the surface charge density of the clay mineral, 
characteristics and concentration of the cationic species, existence of organic matter 
and carbonates in the soil and the buffering capacity of the soil.  
 
The significant increase in Na concentration around the cathode is due to the formation 
of high pH environment at the cathode which is a common phenomenon in EK 
processing. This promotes retention of inorganic species on the clay surfaces, and 
precipitation of some inorganic species into hydroxide salts at their hydroxide solubility 
values. The high pH also causes the precipitation of heavy metal ions near the cathode. 
The increase in Na+ concentration around cathode is mainly due to precipitation of 
hydroxide salts at high pH environment. Apart from the effects of cathode precipitation, 
the Na concentration around the cathode would also have affected by the overflow of 
cathode effluent collected in cathode wells. The cathode wells in these experiments are 
either the hollow core cathode electrode with drilled holes on the surface to allow free 
flow of liquids or an unlined hole dug in the soil closer to the cathode electrode.  With 
this cathode well arrangement, the effluent collected in the cathode well can easily and 
freely flow into the surrounding area until they are collected and removed manually. 
Therefore, it can be reasonably assumed that the liquid overflow from cathode well and 
subsequent modifications in the chemistry of porous media in the vicinity of cathode 
would also have affected the ionic concentrations in this region. Hence the results in this 
region would have been slightly deviated from the true representation of actual ionic 
concentrations due to EK processes only.  
 
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 147 
  
 
 
In order to present the results in a non dimensional form, the exchangeable Na 
concentration ratios (final/initial) were computed at different regions between the 
electrodes for soil S1 and S2 and are presented in Figures 6.6 and 6.7 with varying 
voltage gradients and processing times.  
 
Reddy & Shirani, (1997), conducted a series of experiments to analyse removal 
efficiencies of Na ions from glacial tills. They reported quite similar trends of variation of 
Na concentration ratios with increasing processing times and voltage gradients as 
presented in Figures 6.6 and 6.7.  It can be seen that rate of Na ion transport is a 
function of many parameters and significantly dependent on soil type, pore fluid 
chemistry, the location between the electrodes, processing period and voltage gradient. 
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Figure 6.6 Variation of Na concentration ratio across soil S1 
with time under different voltage gradients  
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Figure 6.7 Variation of Na concentration ratio across soil S2 
with time under different voltage gradients  
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6.2.1 Effects of Duration and Voltage Gradient on Na Removal Efficiency  
 
The results presented in Figures 6.6 and 6.7 illustrate that Na ion concentration ratios 
vary considerably at various locations between the electrodes both with the variation of 
processing time and voltage gradients. In general, high concentrations are noticed at 
and closer to cathode while Na concentrations are reduced closer to the anode. It 
becomes evident that the Na concentrations at various locations between the electrodes 
depend on several complex and interrelated processes.  
 
Results reported in the literature (e.g. Reddy & Shirani, 1997) have shown that  the ionic 
concentrations vary at different rates at various locations between electrodes. Therefore 
the results obtained at a given specific location between the electrodes cannot be 
considered as representative of the whole soil mass. Extreme CHE gradients are 
developed at the electrodes while the conditions at other locations can be subjected to 
many other complications depending on soil type, pore fluid chemistry, the rate and 
magnitude of electroosmotic dewatering etc.  
 
The following plots (Figure 6.8 and 6.9) show the variation of exchangeable Na ion 
concentration ratios at three locations between the electrodes, i.e. towards the cathode 
(ce), middle (m) and towards the anode (ae) with increasing EK processing times 
voltage gradients. The locations just at the electrodes and immediately around them are 
excluded due to the possible misrepresentation of data as a result of liquid inflow and 
outflow mechanisms operating in these regions.   
 
The results also suggest that the electrode configuration and the spacing between 
electrodes also play a vital role in deciding the final system chemistry of the porous 
media at the given location between electrodes, along with the other manipulating 
factors such as physical and mineralogical properties of soil, the prevailing CHE 
gradients after the given processing period, magnitude of other dynamic processes etc.  
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Figure 6.8 Exchangeable Na concentration ratios at cathode, middle and anode  
for soil S1 with time under different voltage gradients  
 
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 152 
  
 
 
S2 / W / Cathode
0
0.5
1
1.5
2
2.5
0 10 20 30 40 50 60 70
Time (days)
N
a
 c
on
ce
nt
ra
tio
n
 r
a
tio
0.5 V/cm
1.0 V/cm
2.0 V/cm
 
S2 / W / Middle 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 10 20 30 40 50 60 70
Time (days)
N
a
 c
on
ce
nt
ra
tio
n
 r
a
tio
0.5 V/cm
1.0 V/cm
2.0 V/cm
 
S2 / W / Anode 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0 10 20 30 40 50 60 70
Time (days)
N
a 
co
nc
en
tr
a
tio
n 
ra
tio
0.5 V/cm
1.0 V/cm
2.0 V/cm
 
Figure 6.9 Exchangeable Na concentration ratios at cathode, middle and anode 
for soil S2 with time under different voltage gradients  
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The results presented in Figures 6.10 and 6.11 demonstrate the variation of 
exchangeable Na concentration ratio at cathode, middle and anode, with increasing 
processing time under a given voltage gradient. It is evident that Na concentration ratios 
differ considerably across the various regions between electrodes without offering any 
noticeable trend. For example, for soil S1, under a voltage gradient of 0.5 V/cm, the 
maximum removal is achieved in about 30 days in the middle region while in the anode 
area, the maximum removal is achieved in about 45 days. For the same soil, under a 
higher voltage gradient of 1.0 V/cm, the middle region shows a maximum removal in 
about 14 days and the anode area reached the maximum removal in about 30 days. Soil 
S2 also illustrates the highly variable nature of removal efficiencies at various regions 
between electrodes with the increasing processing time.  
 
During the initial period of EK processing, ionic migration is due to the combined effect 
of both electroosmosis and electromigration. The separation of the predominant cation 
and its accompanying anion is initiated by electromigration alone, for which little or no 
electroosmotic flow is necessary. In the presence of an appreciable amount of 
electroosmotic flow sweeping across the soil, the ionic migration is predominantly aided 
by the electroosmotic flow during this period.  
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Figure 6.10 Exchangeable Na concentration ratios at anode, middle and cathode  
for soil S1 with time with increasing voltage gradients  
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 155 
  
 
 
S2/ W / 0.5 / Na ratio
0
0.5
1
1.5
2
2.5
0 10 20 30 40 50 60 70
Time (days)
N
a
 c
on
ce
nt
ra
tio
n
 r
a
tio
Cathode
Middle
Anode
 
S2/ W / 1.0 / Na ratio
0
0.5
1
1.5
2
2.5
0 10 20 30 40 50 60 70
Time (days)
N
a 
c
on
c
en
tr
at
io
n 
ra
tio Cathode
Middle
Anode
 
S2/ W / 2.0 / Na ratio
0
0.5
1
1.5
2
2.5
0 10 20 30 40 50 60 70
Time (days)
N
a 
co
nc
en
tr
at
io
n 
ra
tio
Cathode
Middle
Anode
 
Figure 6.11 Exchangeable Na concentration ratios at anode, middle and cathode  
for soil S2 with time with increasing voltage gradients 
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From the test results it is noted that, even after the complete diminishing of 
electroosmotic flow, migration of Na ions continues. For example, for soil S1, under a 
voltage gradient of 0.5 V/cm, the electroosmotic flow completely ceased in 40 days. 
However, the variations in Na ion concentration appear to continue up to around 50 
days until other system complications (such as development of suction pressures 
leading to soil consolidation and cracking) are developed that eventually completely 
hinders the electrokinetic process. This demonstrates that electroosmotic advection 
contributes to the ionic transport, particularly at the initiation of EK processing, whilst 
with time, the process is predominantly controlled by the electromigration of the ions. 
For the same soil, this ion transport due to electromigration process is completely 
terminated upon gradual cracking of the soil and consequent discontinuation of electric 
circuit, which is noticed in about 50 days. Beyond this, although all EK processes are 
completely terminated, there are still small variations in ionic concentration as can be 
observed from the experimental results. This can therefore be assumed due to ionic 
diffusion since desorbed ions are subjected to diffusion from areas of higher to lower 
concentrations because of the concentration gradients or chemical kinetic activity 
(Shackelford & Daniel, 1991). Out of these three major transport mechanisms, ionic 
migration and electroosmotic advection is identified as the dominant transport 
mechanisms with a small contribution from ionic diffusion although some researchers 
(eg. Reddy & Shirani, 1997) claim that the effect of diffusion on the overall transport is 
generally insignificant. The relative contribution of electroosmosis, electromigration and 
diffusion to the total mass transported depends on the soil type, water content, types of 
ion species, pore fluid concentration of ions and processing conditions.  
 
A mass balance analysis would assist the analysis of removal efficiencies of the entire 
soil mass between electrodes. However, the experimental set up of this investigation 
does not facilitate such analysis. By analysing the removal efficiency using a mass 
balance, Reddy & Shirani, (1997), have shown that under a given voltage gradient there 
is a general trend of an increase in the amount of ion migration, (particularly Na+ ions) 
and hence removal efficiency with the increase of processing time, with a maximum test 
duration up to 21 days. However, this claim seems to be quite specific and can be 
considered only applicable under the given experimental conditions.  
 
For a given soil, under a given processing period, it is evident that the amount of Na ion 
transported gradually increases with the increase in the voltage gradient up to an 
optimal. Beyond this optimal voltage gradient, the rate of ion transport appears to 
decrease with a further increase in the voltage gradient. For example, for soil S1, as 
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presented in Figure 6.12, after 14 days of EK processing, the Na removal efficiency 
(presented in terms of Na concentration ratio) in the middle region peaked around 1.0  
V/cm. Further increase in voltage gradient yields no discernible increase in the removal 
efficiency. On the other hand, after 30 days of EK processing, the optimum voltage 
gradient is 0.5 V/cm. 
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Figure 6.12 Na concentration ratios at anode, middle and cathode for soil S1 
under increasing voltage gradients after 14 days and 30 days  
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For soil S2 too, 1.0 V/cm appear to be the optimal voltage gradient after 14 days and 30 
days of EK processing (Figure 6.13). 
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Figure 6.13 Na concentration ratios at anode, middle and cathode for soil S2 
under increasing voltage gradients after 14 days and 30 days  
 
A similar observation of achieving maximum results (maximum removal efficiency) at an 
optimal voltage gradient is reported by Reddy & Shirani, (1997).   
 
With the increase of voltage gradient, the initial increase in the rate of ion migration 
efficiency is attributed to the increase in both electro-osmotic and electromigration rates 
which are linearly proportional to the applied electrical gradient. This is especially so at 
the start of the process as ionic retribution complications are not yet developed. Reddy 
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& Shirani, (1997), explained that, with the increase of voltage gradient, the electrolysis 
reactions generate H+ and OH- ions at a faster rate than the rate at which soil can allow 
them to migrate and as a result, the removal efficiency does not increase proportionally. 
While this can be one of the factors that controls the rate of ionic migration through 
porous media, development of several other system complications such as formation of 
non-conductive regions across the soil leading to settlements, consolidation and 
shrinkage etc., premature precipitation of species at various locations between 
electrodes, other EK processes such as electrophoresis (movement of charged particles 
and colloids under an electric field), could also take place at a higher rate with high 
electrical potentials. The combined effects of these consequences would have 
contributed to the quick diminishing of EK processes with increasing voltage gradients. 
 
In a study of voltage and duration effects on dispersive soils by Sadrekarimi & 
Sadrekarimi, (2003), and a study on effects of pH and duration on dispersive soils by 
Sadrekarimi, (2005), show that under a given voltage gradient of 0.13 V/cm, Na+ ion 
content deceases at the anode and increases at the cathode with increasing processing 
time where maximum processing duration is 34 days. With voltage gradients of 0.07, 
0.13, 0,27 and 0.53 V/cm, they noticed the formation of cracks and soil consolidation 
near the anode with increasing voltage gradients at a correspondingly higher rate and 
quick retardation of system efficiency. A voltage gradient of 0.13 V/cm is identified as 
the optimal voltage gradient at which maximum removal is achieved. 
 
The combined effect of voltage gradient and processing time on the rate of ion transport 
appear to be quite complex. However, in general, there appear to be an optimal state at 
which maximum benefits (in terms of ions removal) are achieved, depending on the net 
effects of the system complications develop in the porous media under varying voltage 
gradients and processing times.  For the two experimental soils, it is perceptible that the 
optimal voltage gradient is between 0.5 and 1.0 V/cm. Under all voltage gradients, the 
optimal time duration within which most of the EK processes were still active and the 
counter effects of system complications were tolerable is generally up to 15 to 30 days. 
These observations are in agreement with the conclusions made in chapter 6 in relation 
to the rate of change of pH gradient under different voltage gradients processing 
periods. 
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6.2.2 Effects of Soil type on Na Removal Efficiency  
 
The variation of Na+ concentration of soil S1 and S2 is displayed in Figures 6.14 and 
6.15.  From the results it is evident that under a given electrical potential and given EK 
processing time, the rate of Na ion migration is affected by the soil type. The possible 
interactions between soil minerals and pore fluid ions that depend on surface charge 
density and sorption/ desorption capacity of clay minerals can significantly influence the 
rate of ionic migration. With EK processing, the rate of development of electrochemical, 
geochemical and other dynamic processes within the porous media would also depend 
on the mineralogical and physical properties of the soil. The final system chemistry of 
the soil porous media is defined by the net affect of all these processes.  
 
It was discussed in Chapter 5 that out of the two experimental soils, soil S2 showed a 
higher response to many of the electrochemical, geochemical and dynamic processes 
when subjected to EK processing. This was mainly due to the presence of higher clay 
fraction in soil S2 and the mineralogical and physical properties of clay minerals.  It was 
noticed that the higher buffering capacity (associated with the higher CEC) and high 
carbonate content of soil S2 offered somewhat higher resistance against changing pH. 
This is mainly due to the higher resistance against desorption of ions from the clay 
surface. Soils with high acid/base buffering capacity require excessive acid and/ or 
enhancement agents to desorb and solubilise ions before they can be transported 
through porous media. Therefore the final Na+ concentrations would have been affected 
by the high buffering capacity and carbonate content of soil S2.  
 
Soil S2 posses a lower hydraulic conductivity than soil S1. However, the electric 
conductivities of these two soils are within an order of magnitude. Therefore the 
contribution from hydraulic conductivity on ionic migration can be considered 
insignificant. The rate of ionic migration under an externally applied electric potential can 
be considered similar for both soil S1 and S2.  
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Figure 6.14 Variation of Na concentration ratios at cathode, middle and  
anode for soil S1 and S2 with time under a voltage gradient of 0.5 V/cm 
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Figure 6.15  Variation of Na concentration ratios at cathode, middle and  
anode for soil S1 and S2 with time under a voltage gradient of 1.0 V/cm 
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The initial water content and initial degree of saturation of the soil appear to affect the 
rate of Na ion transport especially during the early periods of EK processing where both 
electroosmosis and electromigration are active. With a higher initial water content, a 
higher electroosmotic flow is generated (as discussed in chapter 5) and this causes a 
higher concentration of ions to be desorbed into the pore fluid as well as their easy 
transportation towards the cathode. Similarly, a higher degree of saturation also 
enhances the easy transportation of ionic species through soil pores towards the 
cathode. Soil S2 posses a higher initial water content, higher degree of saturation as 
well as a higher clay fraction which would have contributed to the apparent higher ion 
transport during early periods. 
 
Pamukcu, et al., (1997), conducted a series of experiment using three soils (drilling mud 
sludge) with various degrees of saturation and contaminated with Na ions. The 
experiments have been set up under controlled laboratory conditions with a closed 
electrode configuration and two separate anode and cathode chambers to facilitate gas 
expulsion or liquid extraction. The experimental results showed 100% recovery of Na in 
10 days of EK processing for a soil with 81% saturation and 70% recovery in 53% 
saturated soil.  Based on these results Pamucku, et al., (1997) concluded that neither 
the initial degree of saturation, nor the quantity of electroosmotic flow has appreciable 
effect on the variation of Na concentration. However, in contrast to the claims made by 
Pamukcu, et al., (1997), the results presented in Figure 6.14 and 6.15 show the effects 
of initial degree of saturation, water content and therefore the resulting electroosmotic 
flow affects and controls the ionic transport during the initiation and the early stages of 
experiments. Since many of EK processes are highly reactive during the initial phases of 
the EK processing, the contribution from initial degree of saturation and water content 
appear to play a major role in the rate of ionic transport, which contradicts the 
conclusions made by Pamukcu, et al., (1997). 
 
The chemical composition of the soil also can influence the rate of ion transport. For 
example, Reddy & Shirani, (1997), demonstrated that presence of iron oxides in glacial 
till creates complex geochemical condition that retards Cr(VI) transport, while the 
presence of iron oxides in kaolinite and Na montmorillonite did not seem to significantly 
impact Cr(VI) extraction. The chemical compositions of the two soils used in this 
investigation do not appear to influence the rate of Na ion transport to a noticeable 
extent. This may be partly due to the higher ionic mobility of Na ions and ability of Na 
ions to remain ionic under a wide range of pH and redox potential values.  
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In a study of removal efficiencies in removing Cd, Co, Ni and Sr from three soil types, 
Pamukcu & Wittle, (1992), showed that kaolinite had the highest removal efficiency 
followed by sand plus 10% Na montmorillonite, while Na montmorillonite showed the 
lowest removal efficiency. The low removal efficiency observed with highly plastic Na 
montmorillonite soil may be due to the high acid/base buffering capacity of highly plastic 
soils thus requiring excessive energy to desorb and solubilise contaminants before they 
can be transported and the quick development of non conductive regions restricting 
electroosmotic flow thus ion transport will mostly relying on electromigration. 
 
These results confirm that the soils with higher initial water contents, high degree of 
saturation and low buffering capacity could yield the most favourable conditions for 
transport of Na ions by electroosmosis and electromigration.  
 
6.3 MIGRATION OF OTHER CATIONS (Mg, Ca and K)  
 
The following Figures (Figure 6.16 to 6.21) presents the variation of water extractable 
(solution) and exchangeable (clay surface) cations of Mg, Ca and K under a voltage 
gradient of 0.5 V/cm for soil S1 and S2. 
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Figure 6.16 Variation of (a) water soluble and (b) exchangeable 
K ion concentration for soil S1 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(b) 
(c) 
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Figure 6.17 Variation of (a) water soluble and (b) exchangeable 
Mg ion concentration for soil S1 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(c) 
(b) 
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Figure 6.18 Variation of (a) water soluble and (b) exchangeable 
Ca ion concentration for soil S1 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(b) 
(c) 
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Figure 6.19 Variation of (a) water soluble and (b) exchangeable 
K ion concentration for soil S2 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(b) 
(c) 
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Figure 6.20 Variation of (a) water soluble and (b) exchangeable 
Mg ion concentration for soil S2 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(b) 
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Figure 6.21 Variation of (a) water soluble and (b) exchangeable 
Ca ion concentration for soil S2 under a voltage gradient of 0.5 V/cm with time and 
(c) correlation between solution and exchangeable ions 
(a) 
(b) 
(c) 
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From these results it is noted that the rates of migration of cations are significantly 
different. It is known that the electromigration of ions depends on the size and charge of 
the ionic species. Species which possess higher ionic motilities are transported in higher 
rates compared to species possessing lower ionic mobilities. The relative mobilities of 
five most abundant exchangeable cations in the soil are in the order of Na (18) > Ca 
(8.1) > Mg (5.4) > K (3.5) > Al. The higher removal rates observed for Na for both soils 
S1 and S2 is due to the higher ionic mobility of Na in comparison to other cations. 
Reddy & Shirani, (1997), also observed higher removal rates for Na in comparison to 
Ca. Although K possesses slightly lower ionic mobility to Mg, the monovalency of K ions 
rendered a similar migration trend to Na ions. The divalent cations of Mg and Ca appear 
to be less mobile than the monovalent cations.  
 
Mg and K ions appear to migrate at a slightly higher rate during the early stages of EK 
processing where ionic migration is aided by electroosmotic advection. However, their 
movement under electromigration alone appear to be slower, which may be due to their 
lower ionic mobilities compared to Na and Ca. 
 
As have been shown by Reddy & Shirani, (1997), removal efficiencies are higher when 
the ions exist individually than when they coexist. The presence of mixed ions, 
especially in high concentrations tends to increase the chemical interactions such as 
competitive adsorption and ion paring, which could retard the migration of ions. The high 
concentrations of Mg and Ca in soil S2 can therefore be assumed to be a reason for 
apparent slow and ad-hoc trend of ion migration noticed for soil S2. 
 
The Na, K, Mg and Ca being alkali and alkaline earth metals, are likely to remain ionic 
under a wide range of pH and redox potential values. Therefore when subjected to EK 
processing, although the pH and redox values are highly variable, these metals are 
expected to electromigrate readily towards the cathode from where they can eventually 
be extracted. However, other than Na ions and to some extent K ions that migrated 
towards the cathode, the migration of Ca and Mg is significantly impeded just after a 
small distance from the anode towards the cathode and accumulated mostly in the 
middle region. The migration of cations at least some distance from the anode towards 
the cathode is mainly due to the low soil pH towards and around the anode that keeps 
the metal ions desorbed from the soil surface, in solution and thus migratory or readily 
transportable.  However, when these ions gradually reach the middle region, where the 
change in pH gradients is not as severe as it is near electrodes, other EK and 
geochemical reactions appear to control the rate of ionic migration. The preferential and 
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competitive adsorption of Mg2+ and Ca2+ onto clay inter sites owing to increasing cation 
exchange capacity (CEC) of clay minerals in this region can be one of the influencing 
processes. The significant increase in exchangeable Mg2+ and Ca2+ ions recorded for 
soil S1 and soil S2 in the middle region confirms this proposition. The high buffering 
capacity of soil S2 would also have contributed towards the slowing down of migration of 
these ions for this soil. The premature precipitation of compounds in the soil pores also 
impedes the ion transport while the accumulation of ionic compounds and subsequent 
formation of metal precipitates also contributes to the slowing down of ion migration. 
 
Similar to the electromigration trends observed for Na+ ions even after complete 
diminishing of electroosmosis, K+ ions also showed continued migration for a 
considerably longer time period beyond the electroosmosis phase. This confirms that 
the movement of ionic species across the soil profile is less influenced by 
electroosmosis as the process time increases. Electromigration then becomes the 
predominant transport mechanism. However, this phenomenon is subjected to that the 
ionic species possess higher ionic mobility and remains ionic under a range of pH 
values. Monovalent ions such as Na+ and K+ appear to be more competitive in 
electromigration than divalent ions as monovalent ions are less preferred in adsorption.  
 
It is also evident that the correlations between exchangeable cations and water 
extractable cations are significantly varied. In general, other than the strong correlation 
observed for Na for both soils (see Figure 6.22), almost no correlation is identified for 
any other cation measured. This observation is in disagreement with the results reported 
by Mewett, (2005), in investigating electrokinetic removal of arsenic contaminated soils,  
following an almost similar experimental procedure. Mewett, (2005), noted a strong 
correlation for potassium, average for magnesium, poor for sodium and no correlation 
for calcium. Although some of the experimental conditions are similar, this contradictory 
observations is associated with different geochemical compositions of the soils and the 
associated complex interactions between pore fluid and clay minerals under EK 
processing. 
 
These findings confirm that type of ionic species does not pose significant limitation on 
the EK technology provided it does not exist in an immobile form, eg., sorbed onto the 
soil surface or precipitated in the soil pores. However, the rate of migration would 
depend on the applied and prevailing CHE gradients.  
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Figure 6.22 Correlation between solution and exchangeable Na ions 
for soil S1 and S2 under a voltage gradient of 0.5 V/cm  
 
6.4 VARIATION IN CEC   
 
The cation exchange capacity (CEC) is a measure of the negative sites on the clay 
minerals which can absorb positively charge ions. This is a commonly measured soil 
parameter and can give an indication of the amount of clay and organic matter in the 
soil, which are the most reactive soil constituents.  
 
The variation of soil pH when subjected to EK processing was discussed in detail in 
chapter 6. It was observed that pH values vary considerably between the electrodes with 
time. Corresponding to the variations of soil pH, the number of negative charges on the 
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 174 
  
 
 
clay surface, i.e. the CEC also varies. The variation of CEC can significantly influence 
the adsorption/ desorption processes and other important geochemical reactions within 
the porous media. 
 
In estimating CEC, the sum of total exchangeable cations, which are Na, K, Ca, Mg, Al 
and H should be taken into account. However, with the practical difficulties associated 
with extracting H and Al ions, for many practical uses it is common to estimate the 
effective CEC (CECe), by considering only four cations i.e. Na, K, Ca, Mg. The CEC 
estimated in this study is CECe. The exchangeable Al and acidity was not measured 
and this is recognised to have underestimated and affected the CEC values to a certain 
degree particularly when the soil pH is less than 5.5, when significant quantities of 
exchangeable Al may be present. (Aluminium is not present as a cation when the soil 
pH is over 5 because it is precipitated out of the soil solution). However, the effects this 
would make on the conclusions made in this study is expected to be small.  
 
The following plot (Figure 6.23) demonstrates the variation of CECe with time for soil S1 
and S2. 
 
The CECe of soil S1 before EK processing is 5.5. After the electrokinetic processing of 
30 days, the CECe at the anode region has reduced to less than 2. In the middle of the 
tank, the CECe was around 6, which is closer to the original CECe. At the cathode 
region, the CECe has increased to around 16 (more than doubled the initial CECe). 
Beyond 30 days, further increases in CECe are observed at all locations between 
electrodes.  
 
For soil S2, the initial CECe is 18.5. The CECe are significant decreased to values 
around 7-11 at anode and increased to values around 30-38 at cathode (again more 
than doubled the initial value) and maintained at values closer to initial values in the 
middle region (with the exception of 60 day processing period).  
 
 
 
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 175 
  
 
 
S1/W/ 0.5/ CECe
0
2
4
6
8
10
12
14
16
18
20
0.90.70.50.30.1
Normalised distance from anode 
C
E
C
e
14 days
30 days
45 days
60 days
Initial
 
S2/ W/ 0.5/ CECe
0
5
10
15
20
25
30
35
40
0.90.70.50.30.1
Normalised distance from anode 
C
E
C
e
14 days
30 days
45 days
60 days
Initial
 
Figure 6.23 Variation of CECe with time under a voltage gradient of 0.5 V/cm 
for soil S1 and soil S2 
 
The variation of CECe in this manner is predominantly related to the variation of the pH 
gradient across the electrodes. Towards the anode, the pH is low. This indicates that 
there is a reduction in the negative charge on the soil surface. As a result, the CECe of 
the soil reduces. Towards the cathode, the pH is high and thus the negative charges on 
the soil particles are high. These soils therefore show a higher CECe. The migration and 
accumulation of organic matter towards the cathode region may also have contributed to 
this high CECe at the cathode region, as organic matter also possesses high CECes. 
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With the data presented in Figure 6.24, a fair correlation is observed between pH and 
CECe.  
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Figure 6.24 Relationship between pH and CEC 
 
6.5 EFFECTS ON ESP, ESR AND SAR 
 
SAR (sodium absorption ratio), ESP (exchangeable sodium percentage) and ESR 
(exchangeable sodium ratio) are generally used to asses the salinity and sodicity levels 
of a soil. 
 
SAR is the relative proportion of dissolved Na in the pore solution compared to the sum 
of other dissolved cations; generally Ca and Mg. ESP is the proportion of exchangeable 
Na on the clay surface relative to the total exchangeable cations, the CEC of the soil. 
However, it is noted that quite often CEC is replaced with CECe, mainly due to 
unavailability of Al as a cation in soils maintaining pH levels at 5.0 or more. ESR is the 
ratio of exchangeable sodium on the clay surface to the sum of all divalent ions, i.e. Ca 
and Mg on the clay surface. 
 
The cations in the soil solution are in equilibrium with the cations or counter ions 
balancing the negative charge on the clay. This equilibrium is governed by the empirical 
Gapon equation,  
 
[ ]
[ ] [ ]MgCa
Na
k
cMgcCa
cNa
+
=
+
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where  Mec is metal ion on clay surface and [Me] is metal ion in pore solution. 
 
Gapon equation states that the ratio of sodium ions balancing the charge of the clay 
surface (Nac) to the divalent ions on the clay surface (Cac + Mgc) is proportional to the 
ratio of the sodium ion concentration ([Na]) in the soil solution to the square root of the 
total divalent concentration ]Mg[]Ca[ +  .  
 
Using this relationship, the US Salinity Lab defined the term SAR as the right side of this 
equation, with the denominator divided by a factor of 2,  
 
[ ]
[ ] [ ]
2
MgCa
Na
kSAR
+
=   and  
 
the left hand side as the Exchangeable Sodium Ratio (ESR) 
 
cc
c
MgCa
Na
ESR
+
= .    
 
It is noted that SAR is sometimes used as the right hand side of the Gapon equation 
without dividing the denominator by 2 (eg. Jayawardane, et al., 2001). The ESR is also 
commonly replaced with and/ or interchangeably referred as exchangeable sodium 
percentage (ESP), the percentage of the Na ions in total exchange capacity of the soil. 
Since the latter take into account CEC or sometimes CECe, and the former considers 
only the divalent cation capacity (Ca + Mg), ESR and ESP can be numerically different, 
although considered equal. 
 
The ESP (calculated using CECe) and SAR estimated using the Gapon Equation are 
presented in Figure 6.25 and Figure 6.26 respectively. It can be observed that both ESP 
and SAR have decreased significantly across the soil except in the cathode region 
where most of the mobile cationic species are deposited and accumulated.   
 
For soil S1, the ESP in the regions of anode and middle is generally less than 6 (original 
ESP 34) while SAR is lower than 3 (original SAR 7.3). According to classifications 
proposed to assess the degree of sodicity using ESP and SAR, the soil in these regions 
can now be classified as having a very low to negligible sodicity. 
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Figure 6.25 Variation of ESP of soil S1 with time  
under a voltage gradient of 0.5 V/cm 
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Figure 6.26 Variation of SAR of soil S1 with time  
under a voltage gradient of 0.5 V/cm 
 
Similar observations are made for soil S2 too (Figures 6.27 and 6.28). For this soil, the 
initial ESP of 34 decreased to almost 5 and SAR reduced to less than 4 except in the 
regions closer to the cathode. This soil also can be classified as having very low to 
negligible sodicity. 
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Figure 6.27 Variation of ESP of soil S2 with time  
under a voltage gradient of 0.5 V/cm 
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Figure 6.28 Variation of SAR of soil S2 with time  
under a voltage gradient of 0.5 V/cm 
 
The correlations between the water extractable sodium absorption ratio (SAR) and the 
exchangeable sodium ratio (ESR) are strong for both soils as can be seen from Figures 
6.29 and 6.30. Strong correlations are also observed between SAR and ESP (see 
Figures 6.31 and 6.32). Similar strong correlations between these parameters are also 
reported by Mewett, (2005).  
Chapter 6                                      Electrokinetic Effects on Sodium (Na) Removal 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 180 
  
 
 
The strong correlations confirm the linear relationship between ESP and SAR and the 
applicability of Gapon equation to assess salinity and sodicity of the experimental soil 
both before and after EK treatment. 
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Figure 6.29 Relationship between ESP and SAR of soil S1  
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Figure 6.30 Relationship between ESR and SAR of soil S1  
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Figure 6.31 Relationship between ESP and SAR of soil S2  
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Figure 6.32 Relationship between ESR and SAR of soil S2  
 
6.6 EFFECT OF LIME ENHANCEMENT ON Na ION REMOVAL 
 
The results of the experiments conducted with introducing saturated lime solution via the 
anode electrode for soil S1 are presented in Figures 6.33 to 6.37 and for soil S2 in 
Figures 6.38 to 6.42. It can be seen that although the overall trends of Na migration and 
consequent effects on SAR and ESP are seemed to be similar in general, there are 
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some noticeable deviations too, that are seemingly associated with the soil type (clay 
content and clay mineralogy).  
 
By observing the results presented for soil S1 in Figures 6.33 to 6.34, it is noticed that 
up to 30 days of EK processing, the water soluble Na concentration, has increased / 
accumulated noticeably in the middle region.  
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Figure 6.33 Variation of (a) Na ion concentration in solution  
(b) Na concentration ratio across soil S1 with time under a voltage gradient of 0.5 V/cm  
with lime enhancement 
 
This increase in Na concentration in the middle region is due to an increase in the  
replacement and desorption of more Na ions from the clay surface as a result of 
(a) 
(b) 
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competitive adsorption of Ca ions (introduced with lime solution) in to the increasing CE 
sites on clay surface. The increased amount of exchangeable Ca concentration 
measured in the middle region as presented in Figure 6.35 confirms this presumption. 
While the extreme pH conditions controls chemistry of the regions closer to electrodes, 
in the middle region, other geochemical reactions appear to dominate the ionic 
concentrations. With sweeping acid front almost reaching the middle in about 14 to 30 
days and electroosmotic advection aiding the ionic migration during this period, it is 
evident that the geochemical reactions predominate chemistry in this region.    
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Figure 6.34 Variation of (a) exchangeable Na ion concentration (b) Na concentration 
ratio across soil S1 with time under a voltage gradient of 0.5 V/cm  
with lime enhancement 
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Figure 6.35 Variation of exchangeable Ca ion concentration for soil S1  
after 14 and 30 days under a voltage gradient of 0.5 V/cm  
with lime enhancement 
 
 
With the variation of Na concentration in this manner, a corresponding trend of 
variations in SAR and ESP is also resulted as can be seen from Figures 6.36 and 6.37. 
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Figure 6.36 Variation of SAR of soil S1 with time  
under a voltage gradient of 0.5 V/cm with lime enhancement 
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Figure 6.37 Variation of ESP of soil S1 with time  
under a voltage gradient of 0.5 V/cm with lime enhancement 
 
The variation of soluble and exchangeable Na concentration for soil S2 as presented in 
Figures 6.38 and 6.39. It is observed that, there is a noticeable increase in soluble Na 
with 14 day processing which gradually decreases with increasing processing time. 
During the initial period (up to about 14 days), where electroosmotic advection and 
adsorption/desorption processes taking place at a higher rate, more Na ions are 
desorbed from clay negative sites due to competitive adsorption of Ca ions. With the 
higher clay fraction available in soil S2 combined with higher initial Na concentration, the 
desorbed amounts of Na ions are also proportionately high. In response to this 
adsorption/ desorption processes, a noticeable decrease in exchangeable Na and 
corresponding increase in Ca concentration is resulted (Figure 6.40, page 188). 
However, with increasing time, due to development of other geochemical complications 
and the interference of soil buffering capacity, the rate of competitive and preferential 
adsorption of Ca decreases. The soluble Na in pore fluid and desorbed from clay 
surface gradually migrates towards the cathode due to higher ionic mobility and Na 
remaining soluble and less preferred in sorption. With time, it can be seen that most of 
the cation exchange sites are occupied by Ca ions. 
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Figure 6.38 Variation of (a) Na ion concentration in solution (b) Na concentration ratio 
across soil S2 with time under a voltage gradient of 0.5 V/cm  
with lime enhancement 
 
 
 
 
 
 
 
 
 
(b) 
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Figure 6.39 Variation of (a) exchangeable Na ion concentration (b) Na concentration 
ratio across soil S2 with time under a voltage gradient of 0.5 V/cm  
with lime enhancement 
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Figure 6.40 Variation of exchangeable Ca ion concentration for soil S2  
after 14 and 30 days under a voltage gradient of 0.5 V/cm  
with lime enhancement 
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Figure 6.41 Variation of SAR of soil S2 with time  
under a voltage gradient of 0.5 V/cm with lime enhancement 
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Figure 6.42 Variation of ESP of soil S2 with time  
under a voltage gradient of 0.5 V/cm with lime enhancement 
 
6.7 CONCLUSIONS 
 
From the results presented in this chapter, it is observed that the rate of ion migration in 
porous media is a function of many parameters and significantly dependent on soil type 
(physical and mineralogical properties of soil), pore fluid chemistry, spacing between the 
electrodes, processing period, voltage gradient and anode enhancement. 
 
The mechanism for ion transport is the same as the acid or base transport mechanisms, 
i.e. ionic migration (electromigration), advection (electroosmotic and hydraulic) and ionic 
diffusion. Out of these three major transport mechanisms, ionic migration and 
electroosmotic advection is identified as the dominant transport mechanisms with a 
possible small contribution from ionic diffusion. Relative contribution of electroosmosis, 
electromigration and diffusion to the total mass transported depends on the soil type, 
water content, types of ion species, pore fluid concentration of ions and processing 
conditions. It appears that with time, the process of electromigation becomes the 
prominent transport mechanism surpassing the transport by electroosmotic flow.  
 
It is evident that Na concentration ratios differ considerably across the various regions 
between electrodes without offering any noticeable trend. The results also suggest that 
the electrode configuration and the spacing between electrodes also play a vital role in 
deciding the final system chemistry of the porous media at the given location between 
electrodes, along with the other manipulating factors such as physical and mineralogical 
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properties of soil, the prevailing CHE gradients after the given processing period, 
magnitude of other dynamic processes etc.  
 
With the increase of voltage gradient, there is an initial increase in the rate of ion 
migration, as is clearly observed for Na. This initial increase is attributed to the increase 
in both electro-osmotic and electromigration rates which are linearly proportional to the 
applied electrical gradient. However, further increases of voltage gradients beyond this 
optimal does not increase the rate of ion migration proportionately. This is due to the 
higher rate of development of several other system complications in the porous media 
such as formation of non-conductive regions leading to settlements, consolidation and 
shrinkage etc., premature precipitation of species at various locations between 
electrodes, other EK processes such as electrophoresis (movement of charged particles 
and colloids under an electric field) with the increasing voltage gradients.  
 
The soil properties (initial water content, degree of saturation), soil buffering capacity, 
sorption/ absorption capacity of clay minerals and rate and location of development of 
suction pressures and subsequent soil consolidation also contribute to the variation of 
system chemistry and thus the rate of ion migration through porous media. These 
results confirm that the soils with higher initial water contents, high degree of saturation 
and low buffering capacity could yield the most favourable conditions for transport of Na 
ions by electroosmosis and electromigration. It is therefore clear that depending upon 
the most possible and efficient transport mechanism predicted, the degree of saturation 
of the soil is one of the factors that should be considered carefully as it impacts both 
electroosmosis and ionic migration.   
 
The combined effect of voltage gradient and processing time on rate of ion transport 
seem to be quite complex. However, in general, there appear to be an optimal state at 
which maximum benefits (in terms of Na ion removal) are achieved, depending on the 
net effects of the system complications develop in the porous media under varying 
voltage gradients and processing times. For the two experimental soils, it is perceptible 
that the optimal voltage gradient is between 0.5 and 1.0 V/cm. Under all voltage 
gradients, the optimal time duration within which most of the EK processes were still 
active and the counter effects of system complications were tolerable is generally up to 
15 to 30 days. These observations are in agreement with the conclusions made in 
chapter 6 in relation to the rate of change of pH gradient under different voltage 
gradients processing periods. 
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A significantly higher ionic migration rates are observed for Na, among the other cations 
of Mg, Ca and K. The majority of Na ions moved relatively easily and quickly from anode 
to cathode and with time accumulated around the cathode region. The higher removal 
rates observed for Na for both soils S1 and S2 is due to the higher ionic mobility of Na in 
comparison to other cations. Although K posses slightly lower ionic mobility to Mg, the 
mono valency of K ions rendered a similar migration trend to Na ions. The divalent 
cations of Mg and Ca appear to be less mobile than the monovalent cations. All the 
cations appear to migrate at a slightly higher rate during the early stages of EK 
processing where ionic migration is aided by electroosmotic advection. However, the 
movement of Mg and K under electromigration alone appear to be slower, which may be 
due to their lower ionic mobilities compared to Na and Ca. 
 
Although Na, K, Mg and Ca being alkali and alkaline earth metals and likely to remain 
ionic under a wide range of pH and redox potential values and readily transportable 
towards the cathode, only a considerable proportion of Na ions and to some extent K 
ions managed to migrate towards cathode. The migration of Ca and Mg is significantly 
impeded just after a small distance from anode towards the cathode and accumulated 
mostly in the middle region. While the low soil pH towards and around anode kept the 
metal ions desorbed from the soil surface, in solution and thus migratory or readily 
transportable, in the middle region, other geochemical complications such as 
preferential adsorption of Mg and Ca onto clay inter-sites owing to increasing cation 
exchange capacity (CEC) of clay minerals in this region (which is confirmed by 
corresponding significant increase in exchangeable Mg and Ca ions recorded for soil S1 
and soil S2 in the middle region), the premature precipitation of compounds in the soil 
pores and the accumulation of ionic compounds and subsequent formation of metal 
precipitates have dominated and affected the rates of ion migration in the middle region.  
These observations confirms that type of ionic species does not pose significant 
limitation on the EK technology provided it does not exist in an immobile form, eg., 
sorbed onto the soil surface or precipitated in the soil pores, although rate of migration 
would depend on the prevailing CHE gradients.  
 
The majority of Na ions moved relatively easily and quickly from anode to cathode and 
with time accumulated around the cathode region. The Na concentration ratio reduced 
significantly between electrodes except in the cathode region. Consequently, both ESP 
and SAR decreased significantly across the soil except in the cathode region where 
most of the mobile cationic species are deposited and accumulated. These changes in 
ESP and SAR resulted reclassification of the soils from extreme sodicity to very low to 
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negligible sodicity. A strong correlation between SAR and ESP is also noted for both 
soils.  
 
The CEC of the soils also varied significantly with EK processing due to the changes in 
the ionic composition in the porous medium and subsequent effects on the double layer 
ionic concentration which in turn predominantly related to the pH gradient across the 
electrodes. The variation of CEC significantly influences the adsorption/ desorption 
processes and other important geochemical reactions within the porous media. Towards 
the anode a significant reduction in CEC is observed which is mainly due to low pH and 
associated reduction in the negative charge on the soil surface. Towards the cathode, 
the pH is high and thus the negative charges on the soil particles are high. These soils 
therefore show a higher CEC. The migration and accumulation of organic matter 
towards the cathode region may also have contributed to this high CEC at the cathode 
region, as organic matter also possesses high CECs. A fair correlation is observed 
between pH and CECe. 
 
With the introduction of saturated lime solution via anode, more Na ions are desorbed 
from clay negative sites due to competitive adsorption of Ca ions. In response to this 
adsorption/ desorption processes, some noticeable decreases in exchangeable Na and 
corresponding increases in Ca concentration is observed for both soil, particularly during 
the initial period of EK processing. However, with increasing time, due to development of 
other geochemical complications and the interference of soil buffering capacity, the rate 
of competitive and preferential adsorption of Ca decreases. 
 
With the results presented it is clear that the electrokinetic, geochemical and dynamic 
processes lead to many system complications within the porous media under varying 
CHE gradients. These process can either enhance or retard various EK processes and 
hence the removal efficiencies. These alterations in the system chemistry and 
subsequent effects on DDL suggest significant alterations to the soil structure (the 
arrangement (grouping, orientation and distribution) of clay particles and pore spaces 
within a soil mass), fabric and tortuosity. These changes in soil structure together with 
other geochemical modifications can subsequently affect on the engineering behaviour 
of a soil due to potential modification of many soil physical properties. The next chapter 
documents some of the effects of EK processing on physical properties of soil S1 and 
S2. 
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CHAPTER 7 
 
 
ELECTROKINETIC (EK) EFFECTS ON PHYSICAL 
CHARACTERISTICS OF SALT AFFECTED SOILS  
 
 
 
7.0 INTRODUCTION 
 
The results presented in the previous chapters revealed that under varying CHE 
gradients, a complex mix of electrokinetic, geochemical and dynamic processes are 
developed within the porous media.  While these processes can either enhance or 
retard various EK processes, they also significantly modify the system chemistry of the 
porous media. These alterations in the system chemistry and subsequent effects on 
DDL suggest significant alterations to the soil structure (the arrangement (grouping, 
orientation and distribution) of clay particles and pore spaces within a soil mass), fabric 
and tortuosity. These changes in soil structure together with other geochemical 
modifications are likely to affect the engineering behaviour of a soil.  
 
From the results presented so far, it is clearly evident that EK processing significantly 
alters many physicochemical properties of soil porous media. Although there is a 
considerable amount of literature available reporting and discussing the changes in 
chemistry of porous media with EK processing, only limited studies have investigated 
changes in soil physical properties with EK processing. 
 
In this chapter (Chapter 7) the effects of EK processing on soil physical properties such 
as consistency limits, hydraulic conductivity, strength and consolidation characteristics 
are discussed. 
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7.1 EK EFFECTS ON PLASTICITY CHARACTERISTICS 
 
The plasticity index (PI) is the difference in moisture content between the liquid limit (LL) 
and the plastic limit (PL) of the soil. The plasticity index is of great importance in the 
prediction of the soil behaviour particularly in terms of physical context, since it indicates 
the amount of water that a soil could absorb before reaching the liquid states. 
Consistency limits provide an important indication of the hydraulic performance of a clay 
soil (Benson, et al., 1994), particularly in terms of the water absorption capacity from 
semi solid to plastic state and plastic to liquid state. The plasticity properties of a soil 
depend on the soil water content and also on the variations in the chemistry of the pore 
solution. 
 
The variation of consistency limits (LL and PL) of soil S2 subjected to electrokinetic 
processing under 0.5, 1.0 and 2.0 V/cm is presented in Figures 7.1 to 7.3. From these 
results it is observed that the LL and PL gradually decrease at the anode and increase 
at the cathode during the early stages of the EK processing, seemingly to an 
approximate point up to which electroosmotic advection is generally active. For 
example, under a voltage gradient of 0.5 V/cm, the LL and PL appear to change at a 
noticeable rate up to around 30 days. With 1.0 V/cm voltage gradient, change in LL and 
PL is noticed up to around 14-20 days while with 2.0 V/cm, the changes are noticeable 
up to around 14 days. These durations are generally the durations where appreciable 
electroosmotic flows occur with respective voltage gradients. Beyond these durations, 
although there are some variations in the LL and PL, no noticeable trends of LL and PL 
changes are observed. The changes in index properties in this manner beyond 
electroosmosis phase are mainly due to the changes in DDL chemistry due to 
electromigration with some possible contribution from ionic diffusion. The results 
reported in the previous chapter demonstrated the variation of system chemistry after 
the EK phase due to ionic diffusion.        
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Figure 7.1  Variation of LL and PL with time for soil S2 at cathode, middle and anode 
under a voltage gradient of 0.5 V/cm  
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Figure 7.2  Variation of LL and PL with time for soil S2 at cathode, middle and anode 
under a voltage gradient of 1.0 V/cm  
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  Figure 7.3  Variation of LL and PL with time for soil S2 at cathode and anode under a 
voltage gradient of 2.0 V/cm  
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If a soil mineral has a greater ability to attract water to its surface, it can absorb more 
water before reaching the liquid limit (LL). This implies that more negative clay surfaces 
can absorb more water and result in a higher LL. It is observed that LL and plastic limit 
(PL) in the cathode end gradually increased with time. In this area, due to ionic 
redistributions, the soil has a higher pH (Figure 5.2, page 98) indicating more surface 
negativity and corresponding higher CEC (Figure 6.22, page 174) indicating higher 
affinity for cations. As such there is a corresponding increase in the LL and PL. The 
majority of sodium ions that have travelled towards the cathode region can also affect 
this increase in the LL and PL. More Na ions in the pore solution and on the particle 
surface increase the water sorption behaviour of the soil since Na ions can attract more 
water.  
 
On the other hand, towards the anode end, the pH is less and so is the CEC. Thus the 
soils affinity for water in this region is not as great as in the cathode region. Therefore, 
as can be seen in Figures 7.1, 7.2 and 7.3, a gradual reduction of LL and PL is observed 
in the anode end region. The clay particles in this region have less negativity and 
therefore can reach LL and PL at comparatively lower water contents. The removal of 
much of the Na ions from this area would also have contributed to the reduced water 
sorption capacity of the clay particles. 
 
The variation of LL and PL in the middle position for soil S1 subjected to electrokinetic 
processing under 0.5, 1.0 and 2.0 V/cm is presented in Figure 7.4. 
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Figure 7.4 Variation of LL and PL with time for soil S1 at middle  
under different voltage gradients  
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Figure 7.5 show the corresponding changes in the PI due to above reported variations in 
the LL, PL. It is clearly noted that closer to cathode, PI gradually increases up to the 
respective electroosmotic flow duration. This increase in PI is due to the increased water 
holding capacity of soil in the cathode region due to increased salt concentration. 
Towards anode, PI decreases as a result of decreasing water holding capacity of soil in 
this region.  
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Figure 7.5 Variation of PI with time for soil S2 at cathode and anode under  
different voltage gradients  
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Figure 7.6 shows the variation of PI in the middle position for soil S1 and S2. 
 
The LL and PL in the middle of the tank do not seem to affect by these extreme pH 
conditions develop around the electrodes. Thus the LL and PL in the middle of the tank 
reflect the net effect on the system chemistry due to electrokinetic, geochemical and 
dynamic processes of the porous media. 
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Figure 7.6 Variation of PI with time for soil S1 and S2 at middle  
under different voltage gradients  
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These experimental results confirm that EK processes modify the consistency limits of a 
soil. However, slightly different and therefore inconclusive results are reported in the 
literature. For example, Lo, et al., (2000), in an investigation of electrokinetic 
strengthening of a soft marine sediment report significant reductions in LL and some 
reductions in PL both at anode and cathode, which lead to  a  decrease in the PI. Similar 
observations of increase in LL and PL after electrokinetic treatment are reported by 
Bjerrum, et al., (1967), while Gray, (1970), found that electrokinetic treatment reduced 
the liquid limits of a bentonite-silica flour. According to Bergado, et al., (2000), with EK 
treatment, LL and PL increase resulting an increase in PI whereas Rogers, et al., 
(2003), found an increase in LL near electrodes and decrease in PL at anode and an 
increase in PL at cathode. Sadrekarimi & Sadrekarimi, (2003), in electrokinetic 
stabilisation of clay soils using lime revealed increases in LL and PL that produced a 
decrease in PI. These results suggest that the changes of Atterberg limits after 
electrokinetic treatment may be a function of the soil type and pore fluid chemistry. 
 
7.2 EK EFFECTS ON VOLUME CHANGE (REACTIVITY) CHARACTERISTICS 
 
It was discussed earlier in this thesis that the adverse effects of soil salinity on 
infrastructure is due to the rising watertable that leads to volumetric changes of the soil 
in the form of swelling as a result of DDL hydration. When the groundwater level falls or 
soil moisture evaporates, these soils are subjected to shrinkage. On the other hand, 
presence of excess amount of exchangeable sodium ions in sodic soils results a thicker 
DDL. As a result, these clay particles lose their tendency to stick together when wet, 
leading to dispersion and swelling. 
 
In this investigation, the volume change potentials of the experimental soils are studied 
using Shrink Swell Index (Iss), Free Swell Index (FSI) and Plasticity Index (PI) and the 
classification systems based on these indices to classify soils in accordance with their 
reactivity potentials. 
 
7.2.1 Effects of Electrokinetics on Shrink Swell Index (Iss) 
 
The Iss tests were carried out on core samples recovered from EK processed soil. It was 
difficult to obtain core samples generally after about 30 days due to the excessively dry 
and brittle nature of soil. Further, core specimens could not be retrieved from all five 
regions between the electrodes due to limitations in soil volumes available for trimming 
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and also due to other practical difficulties associated with obtaining a good quality core 
sample from a soil block. As a result, only a limited number of Iss tests was conducted. 
 
Figures 7.6 to 7.7 present the variation of shrinkage, swelling and shrink-swell index for 
soils S1 and S2 at cathode, anode and middle with increasing treatment durations under 
a voltage gradient of 0.5 V/cm. 
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Figure 7.7 Shrinkage, Swelling and Iss variation at cathode, middle and anode 
positions for soil S1 under a voltage gradient of 0.5 V/cm  
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Figure 7.8 Shrinkage, Swelling and Iss variation at cathode, middle and anode  
positions for soil S2 under a voltage gradient of 0.5 V/cm  
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From these results it is evident that in general there is a decrease in Iss, particularly 
significant closer to anode and during the early periods of EK treatment.  
 
The shrinkage, swelling and Iss variation at the middle position between the electrodes 
for soil S1 and S2 under a voltage gradient of 1.0 V/cm and 2.0 V/cm are presented in 
Figures 7.9 and 7.10 respectively. 
 
S1/  W / 1.0 / Iss / m
0.00
0.50
1.00
1.50
2.00
2.50
3.00
0 10 20 30 40 50 60 70
Time (days)
S
tr
a
in
 %
0.00
0.50
1.00
1.50
2.00
2.50
3.00
I s
s
Sw elling
Shrinkage
Iss
 
S2/ W / 1.0/ Iss/ m
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
0 10 20 30 40 50 60 70
Time (days)
S
tr
ai
n 
%
0.00
1.00
2.00
3.00
4.00
5.00
6.00
I ss
Sw elling
Shrinkage
Iss
 
Figure 7.9 Shrinkage, Swelling and Iss variation at middle position for soil S1 and S2 
under a voltage gradient of 1.0 V/cm  
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Figure 7.10 Shrinkage, Swelling and Iss variation at middle position for soil S1 and S2 
under a voltage gradient of 2.0 V/cm  
 
In general, these results indicate that there are significant decreases in Iss values both 
with the increasing treatment durations and increasing voltage gradients. It can be seen 
that the higher the voltage gradient the quicker the rate of decrease of Iss. The decrease 
in Iss is generally due to the decrease in both shrinkage and swelling potentials. The 
decrease in Iss in this manner implies the reduction in volume change potential of a soil. 
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7.2.2 Effects of Electrokinetics on Free Swell Index (FSI) 
 
The quick and simple test procedure of FSI test enabled conducting FSI tests at each 
test location under each and every experimental condition. 
 
Figures 7.11, 7.12 and 7.13 present the results of free swell index tests. The results 
show that FSI significantly decreases with EK treatment. It is also noted that beyond 
certain treatment durations and voltage gradients, further variations in FSI are almost 
insignificant. These variations indicate the significant reduction in the potential for 
volumetric changes of these soils.   
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Figure 7.11 Variation of FSI with time under a voltage gradient of 0.5 V/cm 
for soil S1 and soil S2 
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Figure 7.12 Variation of FSI with time under a voltage gradient of 1.0 V/cm 
for soil S1 and soil S2 
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Figure 7.13 Variation of FSI with time under a voltage gradient of 2.0 V/cm 
for soil S1 and soil S2 
 
The main influential factors of soil volume change are  
(i) the pore fluid characteristics (ions types and their concentrations, dielectric 
constant, pH etc) and  
(ii) the mineralogical composition and characteristics (clay content, DDL chemistry 
etc) (Sridharan, 2005).  
 
The experimental saline - sodic soils used in this investigation contain variable amounts 
of electrolytes and Na ions in the pore solution. As discussed in Chapter 3, the micro 
structural behaviour of a saline - sodic soil containing both electrolytes and Na ions 
depends on the amount of electrolytes and Na ions present in the soil solution. 
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Depending on the salt and Na ion concentration, either the flocculation effects of salt or 
the dispersive effects of Na will dominate which would then define the degree of 
swellability of the soil. As such, in general there is a direct relationship between the 
electrolyte and Na concentration and volume change potential of a soil, although there 
are other mechanisms such as deformation, displacement, DDL chemistry, the effects 
on adsorbed water layer and past pressure etc that could also influence soil volume 
change potentials to greater or lesser degree (Terzaghi, et al., 1996) depending on the 
given specific circumstances. 
 
With the application of a direct current across the electrodes, the soil-liquid medium 
undergoes several physicochemical, hydrological and mechanical changes due to 
various complex and inter related electrochemical processes that take place within the 
soil porous media. These processes (as discussed in detail in Chapter 5) are known to 
modify the system chemistry of the soil porous media (DDL chemistry and the chemistry 
of the pore solution) that could subsequently vary many geochemical properties of clay 
soils. As a result of these EK processes, ionic concentration in the DDL and the pore 
solution changes and the micro structural properties of the clay minerals are modified. 
Subsequently, many clay properties including volume change characteristics are 
changed. As a result of these complex EK processes, once a saline sodic soil is 
subjected to EK processing, the soil microstructural variations can no longer be 
described using salt and Na ion concentrations and their respective flocculation and 
dispersive affects alone. 
 
With the increase of treatment durations, these modifications appear to continue but with 
a gradually diminishing rate. This is due to the several other system complications 
develop within the porous media that could hinder the continuation of EK processes. 
With the increasing voltage gradient, the rate of variation (reduction) of measured soil 
properties is higher and much quicker. This is mainly due to the development of ionic 
redistribution complications at a higher and rapid rate with higher voltage gradients. 
These observations indicate that, for a given soil, the optimal results would be achieved 
under optimal voltage gradients and time durations, at which development of system 
complications would be minimal.  
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7.2.3 EK Effects on Reactivity Classification of Soils /Sites 
 
Using PI, FSI and Iss and the related volume change classification systems, the effects 
of EK treatments on the volume change potential classifications for soil S1 and S2 at the 
middle position are evaluated and presented in Table 7.1. These results show that with 
electrokinetic treatments, the volume change potentials of the experimental soils reduce 
to a greater or lesser degree depending on the magnitude of the voltage gradient and 
processing time. Under certain voltage gradients and treatment durations, some 
experimental soils transform from extremely reactive status to a slightly or almost non-
reactive status. It is apparent that the maximum benefits are achieved under optimal 
voltage gradients and durations that appear to depend on clay mineralogy and clay 
content. In general, higher voltage gradients produce more rapid results in reducing 
volume change potentials; however, they also lead to detrimental processes such as 
excessive drying, shrinking and cracking of soil, thus devaluing the merit of the 
treatment.  
 
The experimental results suggest the potential of developing electrokinetic treatment 
technique to stabilise volume change properties of expansive soils effectively and 
efficiently. Importantly, these results also highlight the potential of transforming 
extremely to highly reactive sites into less reactive sites with EK treatments. This could 
eventually lead to significant economic benefits in the residential slabs and footing 
construction industry in Australia. However, further investigations both in the lab and 
field are essential for the development of possible practical methods.  
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Table 7.1 Variations of volume change potentials of EK treated soils 
Classification System 
Soil type 
Voltage 
Gradient 
(V/cm) 
Treatment 
duration 
(days) A  B  C  
Original soil S1 M M Class M 
4 M M - 
7 M L Class S 
14 M L - 
30 M L Class S 
45 - L - 
0.5 
60 M L - 
4 M M - 
7 M L Class S 
14 M-L L - 
30 M L Class A 
45 M L - 
1.0 
60 - L - 
4 M L Class A 
7 M L Class A 
14 M-L L - 
30 M L Class A 
45 - L  - 
S1 
2.0 
60 M -  - 
Original soil S2 VH VH Class H 
4 VH VH - 
7 VH - H H Class M 
14 M M - 
30 H H Class S 
45 H H - 
0.5 
60 - H - 
4 - VH - 
7 VH - H VH Class M 
14 M M - 
30 H M Class A 
45 H M - 
1.0 
60 H M - 
4 VH VH Class A 
7 M L - 
14 H M Class A 
30 VH M - 
45 H M - 
S2 
2.0 
60 H M - 
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7.3 EK EFFECTS ON STRENGTH CHARACTERISTICS 
 
In order to identify and quantify the electrokinetic effects soil strength characteristics a 
number of compression tests were conducted on untreated soils and EK processed 
soils. Unconfined Compression tests were carried out on core specimens retrieved from 
middle region and closer to electrodes. Penetration tests were also conducted in-situ on 
the soil surface in each soil region between electrodes. 
 
7.3.1 EK Effects on Compressive Strength 
 
The compressive strength of soil was investigated by performing penetration tests using 
GEOTESTER pocket penetrometer. At the end of each processing period, penetration 
tests were performed at the surface of the soil layer at each five regions between the 
electrodes. The fairly quick and simple test procedure of penetration test enabled 
conducting three penetration tests at each location to obtain an average value. 
Moreover, penetration test results were possible under each and every experimental 
condition. 
 
The average compressive strengths obtained from penetration tests after EK processing 
for various durations are plotted in Figures 7.14 and 7.15. These compressive strengths 
are the gross strengths observed after EK processing. The original compressive 
strength (penetration) of the soils (Table 4.2, page 74) is also presented in these plots.  
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Figure 7.14  Variation of penetration compressive strength across soil S1  
with time under different voltage gradients  
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Figure 7.15  Variation of penetration compressive strength across soil S2  
with time under different voltage gradients  
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In order to study the effect of EK processing on stress strain behaviour of soil and to 
further confirm the strength results obtained from penetration tests, unconfined 
compression test were also conducted. The unconfined compression tests were carried 
out on core samples recovered from EK processed soils and untreated soils (after 
corresponding time periods). It was difficult to obtain core samples generally after about 
30 days due to excessively dry and brittle nature of soil. Further, core specimens could 
not be retrieved from all five regions between the electrodes due to limitations in soil 
volumes (block) available for trimming and other practical difficulties associated with 
obtaining a good quality core sample from a soil block. 
 
Figures 7.16 and 7.17 present the results of UC tests (UC strength) for EK processed 
soil in comparison to the original UC strengths of the soils (Table 4.2, page 74). The UC 
strength is the maximum axial stress of the corresponding stress- strain curve. 
 
As it is shown in Figures 7.16 and 7.17, the UC test results are consistent with the 
results of penetration strength tests discussed earlier. However, the strength values 
recorded from penetration tests are somewhat higher than those measured from UC 
tests. The slightly higher strengths observed from penetration tests can be explained 
using the well known direct and linear relationship between the soil strength and the 
moisture content. The direr the soil is the higher the soil strength. When a soil is 
subjected to natural drying and evaporation, the soil moisture content decreases and 
this increases the strength of the soil. In this investigation, the driest soil conditions are 
at and towards the soil surface where the penetration tests are performed. Therefore the 
higher strengths observed from penetration tests (in comparison to UC strengths) are 
due to these drier soil conditions at the soil surface. The sample disturbance in 
recovering the specimens for unconfined compression tests can also contribute to lower 
strengths in UC tests while the release of confining stress and other sample preparation 
techniques such as trimming and minor remoulding required in UC compression testing 
would also have affected the soil strength slightly.  
 
The UC and penetration test results provide a reasonable and clear indication of the 
variation of compressive strength of soil under varying voltage gradients and processing 
times. From the figures it is observed that significant increases in soil compressive 
strength between the electrodes, except the small regions just at the electrodes and 
very close to electrodes. In general, with the increasing processing time, the strength 
appears to increase while there is also a general trend of increase in strength with the 
increasing voltage gradients. 
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Figure 7.16  Variation of UC strength across soil S1  
with time under different voltage gradients  
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Figure 7.17  Variation of UC strength across soil S2  
with time under different voltage gradients  
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Studies conducted by Lo, et al., (2000), and Micic, et al., (2002), on the electrokinetic 
strengthening of soft marine clay demonstrate increases in soil strength closer to and in 
the vicinity of electrodes. No noticeable strength variation (either increase or decrease) 
have been observed in the middle. They reasoned that the significant increase in the soil 
strength at the electrode vicinity is attributed to electrokinetic processes, dominantly the 
electrokinetic dewatering, that led to significantly lower water content in the vicinities of 
electrodes and higher water contents in the central portion of the sample. However 
sufficient justification and explanation is not provided about the variation of moisture 
content in this manner when subjected to EK processing. Micil, et al., (2002), also 
identified that the strength increase in the cathode region is also contributed by the 
process of cementation due to precipitation of amorphous cementing agents in this area. 
Conversely, the results reported by Bergado, et al., (2000), in investigating  
electroosmotic consolidation of a soft Bangkok clay using two types of apparatus, a 
small electroosmotic cylinder cell with prefabricated vertical drains and a modified large 
consolidometer both subjected various voltage gradients and polarity reversal durations 
revealed that the strength is increased almost in the entire region across the electrodes 
with comparatively larger increases at the anode due to a corresponding higher decease 
in water content in this region. Although it can be argued that polarity reversal could 
have neutralised the extreme conditions at the electrodes and produced more even CHE 
gradients between the electrodes, it is also evident that with longer durations between 
polarity reversal (24 hrs in this case), the neutralising effects have been minimum but 
still increases in strength is observed in all regions between the electrodes. Moreover, 
some experiments conducted without polarity reversal has also rendered strength 
increases in all regions, although at various rates.  
 
In the present study, it is observed that significant increases in soil compressive strength 
occur between the electrodes including the middle region, except the small regions just 
at the electrodes and very close to electrodes. This is due to the effects on moisture 
conditions just at the electrode positions due to the inflow and outflow mechanisms of 
liquids to and from soil. For example, at the anode and some small distance from the 
anode is affected by the introduction of distilled water via the anode. Similarly, the water 
content at the cathode position and immediately around the cathode is affected by the 
collection of effluent in cathode wells. Since the cathode wells are unlined, the liquid 
collected are subjected to overflow and/ or to seep in any direction. The following figures 
(Figures 7.18 and 7.19) clearly illustrate the total strength increase (and corresponding 
variation in the water content) towards the electrodes and the middle with the increase in 
processing time and voltage gradient.  
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Figure 7.18 Strength and water content variation at cathode, middle and anode  
for soil S1 with time under different voltage gradients  
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Figure 7.19 Strength and water content variation at cathode, middle and anode  
for soil S2 with time under different voltage gradients  
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7.3.2 EK Effects on Stress-Strain Behaviour   
 
The stress-strain curves of the UC tests are plotted in Figures 7.20 and 7.21 for soil S1 
and S2 respectively. These graphs provide the stress strain relationship after 7, 14 and 
30 days for untreated soils and for EK processed soils under various voltage gradients. 
The stress strain relationship of the original soil is also included in these plots as a 
datum for comparison. As can be seen from the stress-strain graphs, soil gradually 
becomes more brittle with the increase in processing time and voltage gradient.  
 
Table 7.2 presents the recorded maximum axial stresses (and the corresponding stress 
increase %) at cathode and anode positions after 7, 14 and 30 days for untreated soils 
and for EK processed soils under various voltage gradients. 
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Figure 7.20 Stress strain relationship at cathode and anode positions for soil S1 after 
7 days, 14 days and 30 days with and without EK processing  
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Figure 7.21 Stress strain relationship at cathode and anode positions for soil S1 after 
7 days, 14 days and 30 days with and without EK processing  
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Table 7.2 Variation of maximum axial stress at cathode and anode positions after 
7, 14 and 30 days for untreated soils and  
EK processed soils under various voltage gradients  
 
Cathode Anode 
Soil 
type 
Treatment 
duration 
(days) 
Voltage 
Gradient 
(V/cm) 
Stress      
kN/m2 
Stress 
increase 
% 
Stress       
kN/m2 
Stress 
increase 
% 
Original soil S1 37- 42 
0 40 5.3 33 -13.2 
0.5 50 31.6 44 15.8 
1 59 55.3 54 42.1 
7 
2 63 65.8 51 34.2 
0 44 15.8 34 -10.5 
0.5 65 71.1 47 23.7 
1 72 89.5 56 47.4 
14 
2 82 115.8 52 36.8 
0 47 23.7 41 7.9 
0.5 70 84.2 56 47.4 
1 81 113.2 58 52.6 
S1 
30 
2 104 173.7 60 57.9 
Original soil S2 95 – 104 
0 106 9.3 88 -9.3 
0.5 105 8.2 151 55.7 
1 178 83.5 166 71.1 
7 
2 208 114.4 192 97.9 
0 116 19.6 88 -9.3 
0.5 163 68.0 213 119.6 
1 124 27.8 246 153.6 
14 
2 246 153.6 287 195.9 
0 141 45.4 105 8.2 
0.5 185 90.7 222 128.9 
1 164 69.1 262 170.1 
S2 
30 
2 264 172.2 303 212.4 
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From the stress strain and compressive strength results presented, it seems reasonable 
to conclude that in general, soil compressive strength and brittleness increases with the 
increasing processing times and increasing voltage gradients, at various rates. For soil 
S1 the stress increase is more prominent around the cathode. As can be seen from the 
results presented in Table 7.2, for soil S1, stress increase of 30% under 0.5 V/cm after 7 
days and 175% after 30 days under 2.0 V/cm are resulted at the cathode. At the anode 
these values gradually increase from 15% to 60%. For soil S2, maximum stress 
increases are noted at the anode while appreciable stress increases are also observed 
at the cathode. Around the anode, gradual stress increases from 55% increase after 7 
days under 0.5 V/cm to 215% increase after 30 days under 2.0 V/cm are noted.  Stress 
increases from 8% to 175% are recorded at cathode. 
 
From the results presented in Figures 7.20 and 7.21 and Table 7.2 it can also be seen 
that the soil compressive strength increases are not only due to EK processing alone but 
also due to natural evaporation and drying. For example, as presented in Table 7.2, 
strength increases up to about 24% for soil S1 and 45% for soil S2 are observed for 
untreated soils that are only subjected to natural evaporation and drying with no EK 
processing.  
 
Therefore, it is evident that the variations of moisture contents of the experimental soils 
(in EK models) are affected by two processes, (a) natural evaporation and drying 
process and (b) EK related electroosmotic dewatering process. Accordingly, the total 
moisture content decrease and consequent gross strength (stress) increase is due to 
the combined effect of both drying process and EK processes.   
 
7.3.3 Differentiation of Drying Effects and EK Effects on Soil Strength Variation   
 
In order to establish the relationship between soil water content (just due to the natural 
drying and evaporation) on soil compressive strength and also to be able to differentiate 
the effects of EK processing alone on soil strength variation, control tests were 
conducted on soil samples that are not subjected to EK processing. Penetration tests 
and UC tests were then conducted after various time periods corresponding to the EK 
processing periods.  These results are plotted in Figure 7.22 for soil S1 and S2. 
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Figure 7.22  Compressive strength and water content relationship for  
untreated soils S1 and S2 
 
Figure 7.22 illustrates the strong linear correlation between the water content and the 
compressive strength of the experimental soils (correlation coefficient 0.9931 for soil S1 
and 0.8992 for soil S2). This observation confirms the typical linear relationship that 
exists between the water content and the compressive strength of a soil (Lamb & 
Whitman, 1979; Terzhagi & Peck, 1967). The higher the water content the smaller the 
compressive strength.  
 
The stress strain graphs of control tests (with no EK processing) (Figure 7.20 & 7.21) 
also show the effect of decrease in water content due to natural drying and evaporation 
Chapter 7                                                                                                       Electrokinetic Effects on Physical Properties 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 229 
  
 
 
alone on the stress-strain characteristics of the soil. It is evident that the brittleness of 
soil increases with the decrease in water content.  
 
Figure 7.23 provides the results of water contents versus compressive strengths of EK 
processed soils (under voltage gradients of 0.5, 1.0 and 2.0 V/cm and at anode, cathode 
and middle positions). As expected, it can be observed that with EK processing there is 
a decrease in water content and a general trend of corresponding increase in soil 
compressive strength, although the results are scattered with some deviations from the 
typical direct linear relationship.  
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Figure 7.23  Compressive strength and water content relationship for  
EK processed soil  
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The trends identified from the results presented in Figure 7.23 suggest the merit of 
further work. If significant additional data were acquired, it may be possible to perform 
statistical modelling to establish and validate theoretical relationships. However, 
acquiring a data set of that magnitude and suitable for statistical modelling is beyond the 
scope of this work. Such models do not exist at this time but could significantly 
contribute to the extension of current knowledge and theoretical understanding on EK 
effects on soil strength characteristics and also would be of great assistance in 
infrastructure management and development applications. 
 
Figure 7.24 presents the comparison between the compressive strength and water 
content relationship for untreated soils obtained from control tests (results presented in 
Figure 7.22) and the compressive strength and water content relationship for EK treated 
soil under a voltage gradient of 0.5 V/cm, at cathode, anode and middle positions for 
soils S1 and S2 (from the results presented in Figure 7.23). This figure helps identifying 
the effects of natural evaporation and drying alone on soil compressive strength while 
the compressive strength increase purely due to EK processing can easily be 
differentiated. Accordingly, the difference in the soil compressive strength between 
untreated soil (no voltage gradient) and EK treated soil, at a given water content is the 
compressive strength increase purely due to EK processing.  
 
The results presented in Table 7.2 can also be used to identify and differentiate between 
the effects of drying process and EK processes on soil compressive strength. For 
example, for soil S1, after 7 days, the strength increase at cathode position due to 
drying process alone is about 5.3%. With EK processing under a voltage gradient of      
2 V/cm, the strength increase is 65.8%. Therefore the corrected strength increase due to 
EK processing alone is 60.5%; the difference between total strength increase (due to 
drying process and EK processes) and strength increase due to drying process alone. 
 
Lo & Hinchberger, (2006), reported a similar relationship between water content and 
compressive strength (as presented in Figures 7.22, 7.23 and 7.24) for a clay soil before 
and after EK treatment. They managed to identify and differentiate the natural 
evaporation and drying effects from EK strengthening effects by conducting appropriate 
control tests.  
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Figure 7.24  Comparison between compressive strength and water content 
relationship for untreated soils and  
EK processed soils under a voltage gradient of 0.5 V/cm  
 
 
From the results presented so far, it is apparent that the EK dewatering is the dominant 
EK process accountable for the variation in soil strength. However, there are several 
other complex and interrelated processes that become active under EK processing, 
such as ionic migration and ionic diffusion. These processes as well as other dynamic 
processes can also be considered to have contributed to the variations of soil strength 
and stress strain behaviour. Lo & Hinchberger, (2006), Lo, et al., (2000), Micic, et al., 
(2002), on the electrokinetic strengthening of soft marine clay recognized that while EK 
dewatering is the dominant process that is accountable for strength increase, other EK 
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processes such as electromigration and ionic diffusion also contribute to the strength 
increases. According to the conclusions made by Bergado et al., (2000), however, the 
strength increase is purely due to electroosmotic dewatering with no appreciation of 
potential contributions from any other EK related process.  
 
7.3.4 Effect of Electroosmotic Advection on Soil Strength Variation   
 
When a soil is subjected to EK processing with, the dominant mechanism of decrease in 
water content is EK induced dewatering associated with electroosmosis, while as 
discussed in the preceding section, natural drying and evaporation could also add to the 
decrease in water content to some extent, depending on the time and environmental 
conditions (such as temperature and humidity) to which the soil is exposed. The 
variation of moisture conditions in different regions/ locations between electrodes 
continues at various rates which is a common phenomenon in EK processes. In Chapter 
5, it was discussed in detail that with the electroosmotic dewatering, negative pore water 
pressures and osmotic suctions develop within the soil. This leads to variations in the 
moisture conditions at various rates resulting in wet and dry regions in the soil between 
electrodes. This development of wet and dry regions is controlled and influenced mainly 
by the mineralogical properties of the soil. The experimental results presented in 
Chapter 6 showed that out of the two experimental soils, for soil S1 the greatest suction 
pressures occurred in the cathode area as observed by a relatively dry zone developing 
closer to the cathode while for soil S2, the development of driest zone and highest 
consolidation occurred closer to the anode.  
 
By analysing the results presented in Figures 7.18 to 7.21 it is apparent that, the two 
experimental soils show noticeable higher strengths corresponding to their respective 
driest regions. For example, for soil S1, there is an apparent increase in strength and 
increase in brittleness towards the cathode while for soil S2 an increase in strength is 
observed closer to the anode. Therefore it can be concluded that the increase in 
strength closer to cathode for soil S1 and closer to anode for soil S2 is attributed 
primarily to the electroosmotic dewatering, development of suction pressures and 
consolidation.  
 
The test results presented in Figures 7.18 to 7.21 shows that at some locations between 
the electrodes, the increase in compressive strength is significantly greater than the 
strength increase that would be expected due to corresponding decrease in water 
content alone. For example, for soil S1 despite the water content is higher closer to 
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anode, this area also shows high strengths and increasing brittle behaviour with time 
and voltage gradients. For soil S2 too, the increase in strength and brittle behaviour is 
significant closer to the cathode despite higher water contents in this area. Similarly, 
there are locations where strength is increased without any significant decrease in water 
content. It is clear that apart from the obvious effect of electroosmotic dewatering on soil 
strength and stress-strain behaviour, there are other significant electrokinetic processes 
that affect these soil mechanical properties.  
 
7.3.5 Effect of Electromigration on Soil Strength Variation   
 
The electromigration of charged ions and their interaction with clay minerals can also 
affect the soil strength due to the variations in the DDL ionic concentration and 
subsequent modifications in the soil structure. Apart from the ions desorbed from DDL 
and ions in pore solution, mild steel electrodes corrode readily as oxidation occurs at 
the anode due to loss of electrons, and Fe3+ ions are generated. The release of iron 
oxides and their migration is visually observed by the changes in the soil colour from 
grey to reddish brown in the zone closer to the anode. These ions are forced, due to 
potential difference across the system, to migrate through the soil towards the cathode 
and can react with clay minerals while moving towards soil. The released iron ions are 
subjected to precipitate as oxides or hydroxides due to the extremely low solubility of 
iron in the normal pH range of soils. The iron oxides that adsorbed onto the clay surface 
can induce a cementation effect between soil particles. As have been discussed by Lo 
& Hinchberger, (2006), several researchers (eg. Yong, 1986; Quigley, 1980) have 
shown that the precipitation of amorphous materials such as Al2O3, Fe2O3 and SiO2 and 
CaCo3 create cementation bonding between soil minerals. These mechanisms of 
sorption/desorption and precipitation of amorphous material then lead to the consequent 
development of strong aggregation of soil particles and thus an increase in the soil 
strength (Lo & Hinchberger, 2006).  
 
The results presented in Table 7.3 show the chemical composition of soil analysed 
before and after EK processing. It can be seen that concentration of iron oxide (Fe2O3) 
increased significantly around anode and somewhat appreciably at cathode while the 
percentage of other potential bonding agents of SiO2 and Al2O3 also showed marginal 
increases.  
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Table 7.3 Chemical composition of soil S2 before and after EK processing 
After EK processing Chemical 
Composition 
Before EK processing 
At anode At cathode 
SiO2 48.91 50.05 49.66 
Al2O3 17.53 19.44 17.87 
Fe2O3 2.53 6.84 4.05 
FeO 8.25 10.69 8.93 
MgO 5.55 3.35 5.38 
CaO 9.53 4.51 9.97 
Na2O 1.05 1.65 0.74 
MnO 0.17 0.21 0.15 
TiO2 1.2 1.01 0.88 
K2O 0.13 0.15 0.11 
H2O 1.78 0.8 1.56 
 
 
7.3.6 Effect of Ionic Diffusion and Aging on Soil Strength Variation   
 
After the complete termination of EK processes, the ionic concentrations still continued 
to modify at a slower rate. This is considered to be due to the ionic diffusion (ion 
migration from areas of higher to lower concentrations because of the concentration 
gradients or chemical kinetic activity). In this phase too, cementation bonds may 
continue to develop that could contribute to the increase in soil strength. It should be 
noted here that during this period, two other processes, i.e. natural drying of soil and 
aging (a process of bond growth with time without introduction of external agents (Lo & 
Hinchberger, 2006) may continue that can also affect the variation of soil strength. 
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Figure 7.25  Variation of strength at the middle   
for soil S2, with time, with and without EK processing   
 
The Figure 7.25 illustrates the variation of strength in the middle region of soil S2 with 
and without the effect of EK processing. As can be seen, with EK processing, the initial 
electroosmotic and electromigration phase terminates with the gradual diminishing of 
electroosmotic flow. During this initial phase, the strength increases significantly. This is 
then followed by the electromigration phase until soil cracking and discontinuation of 
electric flow. Through this second phase, the strength continues to increase but at a 
lower rate. The strength variation thereafter can be considered due to the combined 
effect of ionic diffusion, drying and aging. The variation of strength without the effect of 
EK processing is almost linear and corresponds to the decrease in water content due to 
natural drying and evaporation with a possible small contribution from aging. Therefore, 
the slightly higher rate of strength increase in the final phase of the EK processed soil 
can be identified as the contribution from ionic diffusion. 
 
7.4 EK EFFECTS ON HYDRAULIC CONDUCTIVITY (HC) 
 
Hydraulic conductivity is one of the most influential and most affected physical 
properties of a clay soil due to electrokinetic phenomena. It is known that the hydraulic 
conductivity of a soil depend on several factors such as clay mineral composition, ion 
exchange capacity, soil structure, thickness of double layer, dilution or solution of soil 
components by strong chemical components, reduction of voids due to movement of 
Phase 1     Ph 2 Phase 3 
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finer particles, and growth of micro-organisms (Oweis & Khera, 1998). In addition, Lamb 
& Whitman, (1979), discussed that there can be other complex permeant characteristics 
such as viscosity, the fluid chemistry and the resultant electrical potential generated by 
the fluid flow, polarity of the pore fluid etc, that can also have significant effects on the 
soil permeability.  
 
Table 7.4 provides the hydraulic conductivity of soil S1 and S2 at anode, cathode and 
middle positions after 14 and 30 days of EK treatment under a voltage gradient of 0.5 
V/cm. 
 
Table 7.4 Hydraulic conductivity of soil S1 and S2  
after 14 and 30 days of EK processing 
Soil type 
EK Processing 
Period 
Tested 
Position 
Hydraulic 
Conductivity 
cm/s 
Original 2.30 x 10-6 
Anode 0.92 x 10-5 
Middle 2.09 x 10-7 14 days 
cathode 1.24 x 10-7 
Anode 2.65 x 10-5 
Middle - 
S1 
30 days 
cathode 3.21 x 10-6 
Original 4.70 x 10-7 
anode 5.11 x 10-5 
middle - 14 days 
cathode 8.24 x 10-7 
anode 1.89 x 10-5 
middle 1.24 x 10-5 
S2 
30 days 
cathode 1.33 x 10-6 
 
From these results, it can be clearly seen that for both soils, the hydraulic conductivity 
has noticeably increased at anode and marginally decreased at cathode. 
 
With the EK processing, as discussed in the previous chapter, Na ions migrate relatively 
easily and quickly from anode towards cathode while other cations also migrate some 
distances from anode towards cathode. With these ionic redistributions and consequent 
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effects on DDL, significant changes result in the clay structure. For example, towards 
the anode, the concentration of both exchangeable and water soluble Na ions is 
significantly reduced. This eventually creates a more flocculated clay structure. 
Conversely, closer to the cathode the Na concentration is significantly higher due to 
accumulation of Na ions under the high pH environment. This leads to more dispersed 
structure. In general, a flocculated element and a dispersed element at the same void 
ratio have approximately the same cross sectional area available for flow. However, in a 
flocculated element, due to the disorderly array of particles the flow channels would be 
larger in size though fewer in number. It has been shown by Mitchell & Madsen, (1987), 
that the permeability is mostly controlled by large pores. Since a flocculated soil element 
has larger flow channels, flocculated soil elements are more permeable. In a dispersed 
soil element, the particles are arranged in a more parallel orientation, leaving large 
number of smaller flow channels thus reducing the permeability. Based on the possible 
structural changes alone in the soil due to the variations in Na concentration, it can be 
expected that the HC to be increased at the anode and decreased at the cathode.  
 
Frenkel, et al., (1978), showed that the HC of a given soil decreases with increasing 
ESP provided that the electrolyte concentration is below a critical level (threshold level). 
These threshold values can vary from soil to soil. They also demonstrated that HC 
decreased more drastically as bulk density and clay content increased. The more 
significant decrease in HC observed for soil S2. This would be expected because 
smaller pores and increased tortuosity make soils of higher clay content and bulk 
density more susceptible to blockage and restriction of transmitting pores by lodgement 
of dispersed particles by clay swelling. These data clearly show that dispersion and 
subsequent lodging caused reduction in HC of the soil.   
 
Although the test results tabulated in Table 7.3 agree with this general trend, the 
decrease in HC at cathode is not as significant as it should be if this is purely due to the 
increase in soil dispersion (with the increase in ESP). This suggests that other than the 
variations in Na concentration and consequent structural changes, other system 
complications develop in the porous media due to various other EK processes and 
mechanisms could also have contributed to the final status of the soil structure in this 
area and hence the physical properties of soil including HC. The processes such as, 
precipitation of amorphous material, variation of pH, concentrations of other cations, 
ionic diffusion and aging can also modify the system chemistry and hence the clay 
structure. Changes in bulk and dry densities due to electroosmotic consolidation and 
dewatering would also have affected the soil structure and thus the HC. On the other 
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hand, mechanisms such as uncontrolled dissolution of soil minerals resulting in an 
excessive release of some of their constituents, such as Al and Si can also contribute to 
modification of soil microstructure and hence the HC.  
 
7.5 EK EFFECTS ON CONSOLIDATION CHARACTERISTICS  
 
One dimensional consolidation tests were performed on core specimens retrieved from 
the anode and cathode region of soil S2, after 14 and 30 days of EK processing under a 
voltage gradient of 0.5 V/cm. The following figure, (Figure 7.26) provides time settlement 
relationship of soil S2, under a consolidation pressure of 200 kPa. As shown in Figure 
7.26 with EK processing, the rate of consolidation increases. Under the consolidation 
pressure of 200 kPa, the original soil sample took 15 days to achieve 90% consolidation 
with a consolidation settlement of 3.0mm. After 14 and 30 days of EK processing, the 
soil at the anode and cathode area reached the 90% consolidation in 8.2 and 4.7 days 
respectively with settlements of 5.3 and 6.12mm.  
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Figure 7.26 Time settlement relationship for soil S2, after 14 and 30 days of EK 
processing under a voltage gradient of 0.5 V/cm and  
under a consolidation stress of 200 kPa 
 
Bergado, et al., (2000), observed noticeable increases in the rate of consolidation of a 
soft Bangkok clay subjected to electroosmotic consolidation under various voltage 
gradients and polarity reversal.  
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With the EK processing, as discussed in the previously, significant changes are resulted 
in the clay structure. For example, towards the anode, the concentration of both 
exchangeable and water soluble Na ions is significantly reduced. This eventually creates 
a more flocculated clay structure with an increased pore volume. Conversely, closer to 
the cathode the Na concentration is significantly higher due to accumulation of Na ions 
under high pH environment. This leads to a more dispersed structure.  
 
When the pore volume increases in the anode region, under a given consolidation 
pressure, it can be expected for the soil to reach 90% consolidation quicker. Despite the 
decrease in pore volume in the cathode region (due to dispersed structure) which should 
theoretically decrease t90, it is noted that the t90 still increased in this region. This is due 
to the fact that other complexities and developments in the porous media due to EK 
processes such as electroosmotic dewatering and consolidation, etc. 
 
The e-log σ' results are presented in Figure 7.27 for soil S2 after 14 and 30 days of EK 
processing. The pre consolidation pressures (pc) calculated using the standard 
Casagrande method indicate an apparent gradual increase in the pc. It may be seen 
that a preconsolidation pressure greater than approximately 120 kPa has developed in 
both the anode and cathode region in comparison to the preconsolidation pressure of 
90 kPa recorded for original soil S2. As described previously precipitation of amorphous 
material such as Al2O3, Fe2O3 and SiO2 and CaCo3 create cementation bonding 
between the soil minerals. These mechanisms of sorption/desorption and precipitation 
of amorphous material then lead to the consequent development of strong aggregation 
of soil particles and develop cementation bonds (electrocementation) in soil under EK 
processing. It may therefore be observed that an overconsolidation ratio of about 1.6 
has been induced by cementation bonding. The results showed that electrokinetic 
treatment transformed a normally consolidated clay into an overconsolidated clay with 
overconsolidation ratio ranging from 1.2 to 1.7.   
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Figure 7.27 e-log σ' for soil S2 after 14 and 30 days of EK processing 
 
7.6 EFFECT OF LIME ENHANCEMENT ON STRESS-STRAIN AND STRENGTH 
CHARACTERISTICS 
 
The stress- strain relationships for original soils and EK treated soils under a voltage 
gradient of 0.5 V/cm for 30 days with the introduction of saturated lime solution and 
water are presented in Figure 7.28. The results are also summarised in Table 7.5. It can 
be seen that compressive strengths are significantly increased both at the cathode and 
the anode for soil S2 and predominantly at the cathode region of soil S1. 
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Figure 7.28  Comparison of stress - strain relationship at cathode and anode positions 
for soil S1 and S2 with water and lime enhancement after 30 days of EK processing  
under a voltage gradient of 0.5 V/cm  
 
 
For soil S1 the highest strength increase is recorded around the cathode. In this area 
almost 200% strength increase is observed with lime enhancement in comparison to the 
82% increase with water enhancement. In the anode region the strength increases are 
generally similar (around 40%) for both water and lime enhancement. The soil became 
noticeably more brittle in cathode region. For soil S2, approximately 250% and 300% 
strength increases are recorded at cathode and anode respectively with lime 
enhancement. With water enhancement, the respective stress increases are in the order 
of 80% and 120%. 
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Table 7.5 Maximum axial stresses at cathode and anode positions for soil S1 and 
S2 after 30 days of EK processing under a voltage gradient of 0.5 V/cm 
 
Cathode Anode 
Soil 
Type 
Anode 
Enhancement Stress      
kN/m2 
Stress 
increase % 
Stress       
kN/m2 
Stress 
increase % 
None 37-42 
Water 70.2 82.0 54.3 39.0 S1 
Lime 118.7 196.0 56.8 42.0 
None 95 -104 
Water 186.8 86.0 222.3 122.0 S2 
Lime 339.6 240.0 413.8 315.0 
 
 
With the introduction of lime, several short term and long term chemical reactions take 
place that alter the soils physicochemical properties (Sherwood, 1993). The exothermic 
formation of CaOH2 results in significant improvements in soil workability purely due to 
dewatering. The release of Ca and OH ions into the pore solution and subsequent cation 
exchange (substitution of calcium ions for the existing cations at negative sites on the 
clay surface) and agglomeration-flocculation reactions suppress the thickness of the 
diffused double layer and reduce the soil dispersion and soil sodicity. With time, the 
pozzolanic reactions take place and form cementing bonds and cementing compounds 
within the pore space and soil particles. These consequences modify many engineering 
characteristics such as dispersion, strength, plasticity, volume change potential, 
permeability and compressibility (Kennedy, et al., 1987; Rogers, et al., 2003). It is also 
known that the strength of a soil lime mixture is dependent on many variables and that it 
varies substantially. As indicated above, soil type, lime type, lime percentage, curing 
conditions of time and temperature are the major influencing factors.  
 
With lime enhancement, there is a decline in the PI due to the increase in both LL and 
PL. This variation is more prominent for soil S2 which contained a higher clay fraction 
whilst soil S1 also shows the same trend although the variations are marginal. These 
observations are generally in conformity with the observations made by Rogers, et al., 
(2003), and Sadrekarimi & Sadrekarimi, (2003), in electrokinetic stabilisation of clay soils 
using lime. In general, a decrease in PI value indicates the effects of agglomeration-
flocculation reactions and the subsequent pozzolanic reactions that lead to decrease in 
soil plasticity, a major benefit in lime stabilisation.   
 
Chapter 7                                                                                                       Electrokinetic Effects on Physical Properties 
 
 
Samudra Jayasekera                                                      PhD Thesis                                                                   Page 243 
  
 
 
Although it can reasonably be assumed that the above mentioned processes would 
have contributed to the modification of soil physical properties, particularly for the 
significant increases in soil strength, further investigations are required to clearly identify 
these processes, the chemical reactions associated with these processes, the 
influencing factors and the effects of these processes and factors on modification of soil 
physical properties. 
 
7.7 COST  ESTIMATION 
 
For these laboratory experiments, the power consumption per unit volume of saline soil 
is about 225 kWh/m3 for soil S1 and 325 kWh/m3 for soil S2, after 480 hours (20 days) of 
electrokinetic treatment. During this period, the removal of Na+ ions from soil was more 
than 90% with noticeable improvements of soil physical properties.  
 
Based on these laboratory experiments and assuming the electricity cost to be 
$0.05/kWh with 350 kWh/m3 of power use, cost of installation of electrodes to be $2/m3 
(considering commonly available, reusable electrode materials) and other costs as 
$5/m3, the total cost can be estimated to be around $25/m3 for the treatment and 
modification of the engineering properties of salt affected soils. These figures are 
generally comparable with the estimations of cost of heavy metal remediation using 
electrokinetics (Alshawabkeh, 2001). 
 
However, in field scale desalinization work, commonly available electrode materials and 
cheaper power sources such as solar or wind energy can be employed.  The capital cost 
could also be kept to a minimum since the equipment required is fairly basic and easily 
controllable. Once the project is designed and set up with appropriate material 
components (for example with suitable electrodes, power source etc), the operating cost 
would be almost insignificant. Moreover, the energy consumption can further be lowered 
significantly (up to 50% or more) if the formation of low conductivity zones are prevented 
using cathode depolarization techniques (Acar & Alshawabkeh, 1996). Similarly the 
design of optimal electrode configuration and treatment time can also lower the cost of 
treatment generously. 
 
Further research with laboratory and field scale trials is required to develop and design 
practical methods and to define optimum electrode configurations and processing times 
to achieve maximum efficiency and effectiveness of the treatment.    
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7.8 CONCLUSIONS 
 
From these results presented in this chapter, it is observed that the LL and PL gradually 
decrease at the anode and increase at the cathode during the early stages of 
electroosmotic advection phase. Beyond these durations, although there are some 
variations in the LL and PL, no noticeable trends of LL and PL changes are observed. 
The changes in index properties in this manner beyond electroosmosis phase are 
mainly due to, the changes in DDL chemistry due to electromigration with some 
possible contribution from ionic diffusion. The continuous changes in pH and salt 
concentrations and subsequent effects on surface negativity, soils affinity for water and 
changed in CEC are identified as the major causes for changes in consistency limits. 
 
The Iss test results indicate that there are significant decreases in Iss values both with the 
increasing treatment durations and increasing voltage gradients. The decrease in Iss is 
generally due to the decrease in both shrinkage and swelling potentials. The FSI test 
results also show significant decreases with EK treatment. With the increase in voltage 
gradient, the volume change potentials appear to decrease at a higher rate producing 
quicker results. It is also noted that beyond certain treatment durations and voltage 
gradients, further variations in volume change potentials (as evident from FSI and PI 
results) are almost insignificant.  
 
With the application of a direct current across the electrodes, the soil-liquid medium 
undergoes several physicochemical, hydrological and mechanical changes due to 
various complex and inter related electrochemical processes that take place within the 
soil porous media. As a result of these EK processes, ionic concentration in the DDL 
and the pore solution changes and the micro structural properties of the clay minerals 
are modified. Subsequently, many clay properties including volume change 
characteristics are changed. With the increase of treatment durations and voltage 
gradients, several other system complications develop within the porous media thus 
hindering the EK processes. From these experimental evidences it is noted that for a 
given soil, the optimal results would be achieved under optimal voltage gradients and 
time durations, at which development of system complications would be minimal.  
 
The reactivity classifications of soils before and after EK treatment illustrate that under 
certain voltage gradients and treatment durations, some experimental soils transformed 
from extremely reactive status to a slightly or almost non reactive condition. This 
highlights the potential of transforming extremely to highly reactive sites into less 
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reactive sites with EK treatments. This could eventually lead to significant economic 
benefits in the residential slabs and footing construction industry in Australia. However, 
further investigations both in the laboratory and field are essential for the development of 
possible practical methods.  
 
The UC and penetration test results show significant increases in soil compressive 
strength between the electrodes including the middle region. In general, with the 
increasing processing time, the strength appears to increase while there is also a 
general trend of increase in strength with the increasing voltage gradients. From the 
stress strain and compressive strength results presented, it is noted that in general, soil 
compressive strength and brittleness increases with the increasing processing time and 
increasing voltage gradients, at various rates. Under certain voltage gradients and 
processing times, up to 175% and 200% strength increases are observed for soil S1 and 
S2 respectively. In general, stress increases of at least 30% or more are reported for 
both soils under all test conditions. 
 
It is apparent that the variation in strength can be attributed to several complex and 
interrelated processes that become active under EK processing. The major EK 
processes of electroosmotic advection, ionic migration and ionic diffusion among other 
dynamic processes can be considered to have contributed to the variations of soil 
strength and stress strain behaviour.  
 
The test results reveal that soil strength varies with time in three recognisable phases.  
(i) In the initial phase (phase 1) the strength variation is attributed primarily to the 
electroosmotic dewatering, development of suction pressures and consolidation.  
(ii) The electromigration of charged ions and their interaction with clay minerals 
resulting variations in the DDL ionic concentration and subsequent modifications in 
the soil structure is identified as the predominant mechanism for strength variation 
in the second phase (phase 2). Some contribution from possible cementation 
bonding developed through Fe3+ ions that are generated with the corrosion of mild 
steel electrodes and subsequently adsorbed onto the clay surface can also be 
expected.   
(iii) After the complete termination of EK processes, the strength continues to modify 
at a slower rate in the third phase (phase 3) which is considered to be due to the 
ionic diffusion (ion migration from areas of higher to lower concentrations because 
of the concentration gradients or chemical kinetic activity). In this final phase, 
continuation of development of cementation bonds and natural drying of soil and 
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aging (a process of bond growth with time without introduction of external agents) 
can also contribute to the variation of soil strength. 
 
The hydraulic conductivity of the experimental soil (S2) noticeably increased at anode 
and marginally decreased at cathode. The significant changes in the soil structure as a 
result of ionic redistribution complications associated with migration of Na ions and other 
cations from anode towards cathode as well as other system complications such as, 
precipitation of amorphous material, variation of pH, concentrations of other cations, 
ionic diffusion and aging (that can also modify the system chemistry and hence the clay 
structure) are recognised as the mechanisms responsible for the changes in soil 
hydraulic conductivity. 
 
The one dimensional consolidation test results revealed that with EK processing, the 
rate of consolidation increased and soil reached 90% consolidation quicker. The rate of 
consolidation is directly linked to the variation of soil structure that is associated with 
complexities and developments in the porous media due to EK processes such as 
electroosmotic dewatering and consolidation, etc. The pre consolidation pressures (pc) 
calculated using the standard Casagrande method indicate an apparent gradual 
increase in the pc. This increase in pc is assumed to be due to precipitation of 
amorphous material between the soil minerals leading to the consequent development 
of strong aggregation of soil particles and developing cementation bonds (electro-
cementation) in soil under EK processing. These results confirms that electrokinetic 
treatment transformed normally consolidated clay into an overconsolidated clay 
suggesting that these modifications are irreversible and permanent in nature.   
 
With the introduction of lime solution as an anode enhancement liquid more Na ions 
desorbed from the clay surface as a result of competitive adsorption of Ca ions 
(introduced with lime solution) onto increasing cation exchange sites on clay surface. 
This ion exchange together with the resulting agglomeration-flocculation reactions 
suppressed the thickness of the diffused double layer and enhanced soil dewatering and 
contributed to the reduction in the soil dispersion and soil sodicity. As a result, the soil 
plasticity decreased as reflected by the declined PI values. The soil compressive 
strength increased significantly with more than 300% strength increase observed at 
some locations between electrodes. It is believed that the agglomeration-flocculation 
reactions and the subsequent pozzolanic reactions would have contributed to the 
increased formation of cementing bonds and cementing compounds within the pore 
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space and soil particles, thus increasing soil strength, however further investigations are 
required to confirm these suppositions.  
 
From these experiments it can be conducted that electrokinetic treatments techniques 
can be used to modify many physicochemical properties of saline-sodic soil. This 
technique would be especially viable when there is an immediate need for treatment and 
enhancement of physical properties of soil in a locality, within a short time frame, in the 
maintenance and protection of infrastructure from adverse salinity effects. Similarly, 
there is possibility of using this technique to remediate and clean up already salinised 
land to prepare for new infrastructure development and reduce the significant costs that 
could otherwise be associated with higher construction costs, higher grade material 
costs and increased maintenance costs. Electrokinetic techniques would also be an 
attractive alternative to introduce lime and or other desirable chemical compounds to the 
soil especially when conventional mixing is not possible for reasons of time constraints, 
access and depths. 
 
Chapter 8                                                                                                                                                         Conclusions 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 248 
 
 
 
 
 
 
CHAPTER 8 
 
 
DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS FOR FURTHER WORK 
 
 
The main objective of this research project was to investigate the potential of 
electrokinetic soil treatment technique to in-situ remediate salt and sodium affected 
(saline-sodic) soils and to study the consequent effects on important soil physical 
properties and some related chemical properties. The primary research question that 
was attempted to answer was “How do salt affected clayey soils respond to 
electrokinetic (EK) treatments?”. 
 
In answering this primary research question, answers were sought to a number of 
detailed secondary questions. These secondary questions were; 
  
(i) What are the electrokinetic, hydraulic and dynamic processes that take place 
within the soil - liquid medium that could influence the rate of migration of ionic 
species in porous media and modification of soil engineering properties?  
(ii) What is the rate of flow and removal efficiency of salts through selected soils when 
subjected to varying chemical, hydraulic and electric (CHE) gradients? 
(iii) What are the resulting changes in the physical and related chemical properties of 
the soils when subjected to electrokinetic processing over a period of time under 
the coupled CHE gradient? 
(iv) What are the factors affecting overall progression of EK treatment of salt affected 
soils?  
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With the objective of answering this research question, a comprehensive laboratory 
investigation program was carried out using two soils, a clay and a silty loam, collected 
from two salt affected regions in central Victoria, Australia, as the main experimental 
soils. These soils were compacted in glass tanks in the laboratory to represent in situ 
field density and in situ water content. Using electrodes inserted into the soil, a direct 
current was passed across the soil under varying voltage gradients of 0.25, 0.50, 1.0, 
2.0 V/cm, and for varying time durations of 3, 7, 14, 21, 30, 45 and 60 days. Separate 
EK cells (tanks) were set for the each planned experimental duration under a given 
voltage gradient. In separate experiments, distilled water and a saturated lime solution 
were introduced to the soil via the hollow core anode over this experimental period. 
Control tests were also conducted in order to be able to identify and differentiate the 
effects of various experimental conditions. After each electrokinetic processing period, 
the soil between the electrodes was divided in to five sections defined by their average 
normalised distance (0.1, 0.3, 0.5, 0.7 and 0.9) from the anode, and were analysed for 
chemical, hydraulic and electrical conductance phenomena and consequent effects on  
various physical and chemical properties of the soils. 
 
The significant outcomes of this research in the light of the original objective of the study 
and that helped answering the four major research questions are concluded below. Out 
of all the findings, the most notable outcomes of this investigation that could contribute 
to the existing knowledge of EK processes in the soil in general and the treatment of 
Australian saline-sodic soils in particular are summarised at the end of the chapter as 
the synthesis.  
 
It is acknowledged that the experimental evidences presented in this thesis and the 
consequent conclusions arrived at are convincing only for the experimental soils used in 
this study under the given experimental conditions. Applicability of these experimental 
findings for any other soil type and subjected to different experimental conditions may 
need further investigations. 
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(i) What are the electrokinetic, hydraulic and dynamic processes that take place 
within the soil - liquid medium that could influence the rate of migration of ionic 
species in porous media and modification of soil engineering properties?  
  
The experimental results and analysis reported in Chapter 5 reveal that a complex and 
interrelated mix of electrokinetic, electrochemical, geochemical, hydraulic and dynamic 
processes are developed within the soil porous media under EK processing and 
continued at various rates with increasing processing time.  
 
Electrokinetic Processes 
 
According to the experimental observations and subsequent analysis of test results, it is 
identified that with the application of a direct electric current to the soil-liquid medium, 
the water particles at the anode and cathode hydrolysed and generated an acidic 
medium at the anode and an alkaline medium at the cathode. With time, the acid front 
(H+) advanced towards the cathode and the alkali front (OH- ions) migrated towards the 
anode. This migration of acid/ base fronts is clearly observed by the continuous change 
of the pH profile between the electrodes. At the same time, several other ionic species 
also started to migrate to oppositely charged electrodes as evident by the changes in 
measured ionic concentrations between the electrodes.  
 
The commencement of electroosmotic flow is observed immediately after the application 
of direct current. As have long been recognised, under an imposed electrical gradient, 
the mobile part of the DDL moves towards the negatively charged electrode and this 
movement imposes a viscous drag on the free water in the porous medium and thus 
progress the mobility of water.  
 
During the initial period of EK processing ionic migration is due to the combined effect of 
both electroosmosis and electromigration. Although the separation of predominant 
cation and its accompanying anion would have initiated by electromigration alone, for 
which little or no electroosmotic flow is necessary, in the presence of appreciable 
amount of electroosmotic flow sweeping across the soil, the ionic migration is 
predominantly aided by the electroosmotic flow during this period. As revealed from the 
experimental results, even after the complete termination of electroosmotic flow, 
migration of various ions continues for further durations which is predominantly due to 
electromigration.  
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These observations help concluding that the electroosmosis and electromigration are 
the major EK processes contributing to the transportation of Na ions and other major 
cations through the soil porous media, confirming the findings of EK studies by several 
researchers. Electroosmotic advection contributed to the ionic transport, particularly at 
the initiation of EK processing, whilst with time, the process is predominantly controlled 
by the electromigration of the ions.  
 
The initiation and continuation of electromigration and electroosmosis processes lead to 
development of varying chemical, hydraulic and electrical gradients (CHE) within the soil 
liquid medium. The combined effect of changing CHE gradients significantly affected 
and modified the system chemistry of the porous media. 
 
Geochemical and Chemical Processes 
 
With the development of extreme pH conditions at the electrodes and subsequent acid/ 
base transportation, a complex mix of geochemical and chemical reactions is developed 
within the porous media. As have been discussed by several researchers, these 
geochemical reactions may include but not limited to sorption, adsorption, desorption, 
(surface complexation and ion exchange), redox (aqueous phase) reactions and 
precipitation-dissolution reactions (precipitation of some inorganic species into hydroxide 
salts at high pH environment at cathode). At the same time, chemical reactions between 
migrating ions could also take place producing complex chemical compounds and 
precipitates. Many of these processes are dependent on the variations in pH, solute 
composition and ionic strength, redox potential while other processes such as 
competitive adsorption and ion paring may also have some effects on changing system 
chemistry of the porous media. Soil buffering capacity is another considerable factor that 
has a major influence on the rate of progression of these geochemical reactions. 
However, it is difficult to identify these reactions individually while their individual effects 
on soil system chemistry are also difficult to identify or measure. The experimental 
results only help the appraisal of the combined effects of these reactions on soil system 
chemistry. 
  
The most significant evidence of the effects of these geochemical/chemical reactions is 
the changes in CEC due to changes in DDL chemistry. As demonstrated by the test 
results (Chapter 5.5), the CEC of the soils varied significantly with EK processing due to 
the changes in the ionic composition in the porous medium and subsequent effects on 
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the DDL ionic concentration (which in turn predominantly related to the pH gradient 
across the electrodes). The variation of CEC significantly influences the adsorption/ 
desorption processes and other important geochemical reactions within the porous 
media. These processes can either improve or impede EK processing. For example, 
with the desorption of ions from clay surface, the ions become readily available for 
migration with an enhanced transportability and subsequent extraction while 
precipitation and sorption of metals onto the clay surface prevent their transport and 
hence limit extraction.  
 
With these experimental observations, it can be concluded that CEC is significantly 
modified with EK processing of salt affected soils and these changes reflect and confirm 
the effects of geochemical processes in the porous media.   
 
With the changes in the system chemistry of the porous media and subsequent effects 
on DDL lead to significant alterations in the soil structure (the arrangement (grouping, 
orientation and distribution) of clay particles and pore spaces within a soil mass), fabric 
and tortuosity. These changes in soil structure together with other geochemical 
modifications subsequently affected the physical properties of the experimental soils – 
the primary focus of this research.   
 
Dynamic Processes 
 
Other than the electrokinetic and geochemical reactions/ processes, significant dynamic 
processes are also developed within the porous media. The analysis of test results 
suggests that these dynamic processes can be the most crucial and influential factors in 
developing practical methods in the EK treatment of soils.  
 
As discussed in Chapter 5, the development of different moisture regions due to the 
variations in the zeta potential and voltage gradient occurring at local regions between 
the electrodes lead to non uniform electroosmotic flow rates thus creating different 
moisture regions between the electrodes.  
 
It can therefore be concluded that the most prominent dynamic process is the 
development of regions between the electrodes with varying moisture contents. 
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The test results also help in concluding that the development of different moisture 
regions could affect the EK processing in two significant ways. Firstly, with the varying 
moisture contents, some areas between the electrodes dry out relatively quickly and 
these excessively dry areas create almost non-conductive regions in the soil, between 
the electrodes. As a consequence, all major EK processes cease untimely, thus 
affecting the satisfactory progression of the treatment process for the required duration. 
Secondly, the suction pressures that are generated in these drying regions lead to soil 
shrinkage and consolidation with gradual development of cracks between different 
moisture regions. This soil shrinkage and consolidation is associated with significant 
changes in important soil parameters such as porosity, void ratio and tortuosity and 
modify many soil physical properties.  
 
It can also be concluded that the rate of development of suction pressures and the 
location at which soil consolidation and soil shrinkage would occur are vital factors in EK 
processing both in terms of rate of species migration through porous media and 
modifications of soil chemo-mechanical properties.  
 
Under given concentration, hydraulic and electrical potentials, the hydraulic conductivity 
of the soil and the spacing between the electrodes are identified as the dominant 
controlling factors that affect the progression of EK processes.  
 
This is a significant finding and can be used in developing practical methods for EK 
treatment depending on the objective of the treatment. For example, if the objective of 
the treatment is to modify soil physical properties, depending on the soil hydraulic 
conductivity and other controlling factors (voltage and duration etc); the electrodes can 
be spaced in such a way targeting the location that would experience the greatest 
changes in terms of modifications to soil structure. In practical situations, these localised 
effects of electrokinetics can be advantageous as it can be used to improve shear 
strength and settlement behaviour at a given specified location/region of a site. On the 
other hand, if the objective of the treatment is for contaminant transport, the electrodes 
can be spaced to minimise the development of excessively dry areas (non conductive 
regions) and hence delay untimely termination of EK processing.  
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Flocculation and Dispersion  
 
As reported and discussed in Chapter 5, soil flocculation and dispersion are other major 
processes identified when saline-sodic soils are subjected to EK processing. While it is 
true that regardless of the Na ion concentration, there are obvious changes to soil 
structure due to ionic redistributions and consequent effects on DDL, when Na is the 
available in high concentration, the flocculation and dispersion processes and 
subsequent modifications to soil structure takes place at a higher rate and in a more 
complex manner under the influence of the combined effect of all electrokinetic, 
geochemical/chemical and dynamic processes. This is one of the significant factors to 
be considered in EK treatment of saline-sodic soils.  
 
It can therefore be concluded that there is a potential for complex and severe 
flocculation and dispersion reactions to take place that can eventually dominate and 
control the EK treatment processes of saline-sodic soils and hence the physical 
properties of the treated soil. However, further investigations are required to clearly 
identify these flocculation and dispersion reactions and to quantify the effects of these 
reactions on soil physical properties. 
 
Diffusion 
 
From the test results it is also noted that, even after the complete termination of EK 
processes (electroosmosis and electromigration); there are still small variations in ionic 
concentration as can be observed from the experimental results. This can therefore be 
assumed due to ionic diffusion since desorbed ions are subjected to diffusion from areas 
of higher to lower concentrations because of the concentration gradients or chemical 
kinetic activity.  
 
Hence it can be concluded that even after the termination of external current flow further 
ionic migration occurs. Based on the evidences of this investigation and findings from 
similar studies reported in the literature, it can reasonably be assumed that this ionic 
migration is due to the process of ionic diffusion, however, further investigations are 
required to confirm this supposition. 
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Out of these three major transport mechanisms, ionic migration and electroosmotic 
advection is identified as the dominant transport mechanisms with a small contribution 
from ionic diffusion.  
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(ii) What is the rate of flow and removal efficiency of salts through selected soils when 
subjected to varying chemical, hydraulic and electric (CHE) gradients? 
 
A significantly higher ionic migration rate is observed for Na, among the other cations of 
Mg, Ca and K. The majority of Na ions moved relatively easily and quickly (more than 70 
- 80% in 14 -20 days) from anode to cathode and with time accumulated around the 
cathode region.  
 
The higher migration rates observed for Na is due to the higher ionic mobility of Na in 
comparison to other cations. While majority of Na ions managed to migrate towards the 
cathode, migration of other ionic species of K, Ca and Mg is significantly impeded just 
after a small distance from anode towards the cathode. As a result, most of these 
cations accumulated mainly in the middle region (Chapter 6). Despite the fact that the 
low soil pH towards and around anode kept the metal ions desorbed from the soil 
surface, in solution and thus migratory or readily transportable, other geochemical 
complications developed in the middle region, such as preferential adsorption of Mg and 
Ca onto clay inter sites owing to increasing cation exchange capacity (CEC) of clay 
minerals in this region, the premature precipitation of compounds in the soil pores and 
the accumulation of ionic compounds and subsequent formation of metal precipitates 
have dominated and affected the rates of ion migration in the middle region.  
 
It is also observed that the EK processes can transport a mixture of different species in 
soil simultaneously. The type of ionic species does not seem to pose significant 
limitation on the EK technology as long as they do not exist in an immobile form, eg., 
sorbed onto the soil surface or precipitated in the soil pores although the rate of 
migration appear to depend greatly on the changing system chemistry . 
 
With these observations it can also be concluded that in general, metals with higher 
initial concentration, less sorption affinities, higher solubilities and higher ionic mobilities 
are transported faster than other metals.  
 
The results in Chapter 6 also illustrated that Na ion concentration ratios vary 
considerably at locations between the electrodes both with the variation of processing 
time and voltage gradients.  
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Based on these experimental evidences it can be concluded that in general, high Na 
concentrations are resulted at and closer to cathode while Na concentrations are 
reduced closer to the anode. The Na concentration ratios at other locations between the 
electrodes are significantly affected and controlled by the geochemical complications 
developed at these locations between the electrodes.  
 
It is also concluded that for a given soil, under a given processing period, the amount of 
Na ion transported gradually increases with the increase in the voltage gradient up to an 
optimal. Beyond this optimal voltage gradient, the rate of ion transport decreases with a 
further increase in the voltage gradient. 
 
While it is the clearly identifiable that the most obvious and most dominant mechanisms 
of ion transport are due to electroosmotic advection (particularly apparent during the 
early stages of EK processing) and electromigration (Chapter 5), a possible small 
contribution from hydraulic advection and ionic diffusion is also revealed from the 
experimental results.  The relative contribution of electroosmosis and electromigration to 
the total mass transported seem to depend on the soil type, water content, types of ion 
species, pore fluid concentration of ions, DDL chemistry and processing conditions (i.e. 
chemical, hydraulic and electrical gradients and time durations). 
 
 With these observations, it is concluded that the rate of ion migration in porous media is 
a function of many parameters and significantly dependent on soil type (physical and 
mineralogical properties of soil), pore fluid chemistry, spacing between electrodes, 
processing period and voltage gradient.  
 
Although the experimental setup does not allow estimation and quantification of amount 
of Na ions transported/removed similar to many other studies reported in the literature 
(due to slightly different study objectives), they helped estimation of ESP and SAR which 
are more meaningful indicators of salinity and sodicity levels of experimental soils and 
hence more interpretable in practical circumstances and in identifying potential of EK 
processing in treating saline – sodic soils. 
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 As per the experimental results, it can be concluded that both ESP and SAR decreased 
significantly across the soil except in the cathode region where most of the mobile 
cationic species are deposited and accumulated. These changes in ESP and SAR 
resulted reclassification of the soils from extreme sodicity to very low to negligible 
sodicity. 
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(iii) What are the resulting changes in the physical and related chemical properties of 
the soils when subjected to electrokinetic processing over a period of time under 
the coupled CHE gradient? 
 
Effect on Physical Properties 
 
One of the primary objectives of this study was to identify the effects of EK processing 
on soil physical properties that are particularly important in civil infrastructure 
development and management. With the results presented it is clear that the 
electrokinetic, geochemical and dynamic processes lead to many system complications 
within the porous media and modify many soil physical properties. 
 
The experimental results help concluding that EK processing modify consistency limits 
of saline – sodic soils. It is observed that in general, the LL and PL gradually decrease 
at the anode and increase at the cathode during the early stages of the EK processing, 
seemingly to an approximate point up to which electroosmotic advection is generally 
active. Beyond these durations, although there are some variations in the LL and PL, no 
noticeable trends of LL and PL changes are observed. 
 
The changes in index properties in this manner beyond electroosmosis phase are 
mainly due to the changes in DDL chemistry due to electromigration with some possible 
contribution from ionic diffusion. Due to continued changes in chemistry of the porous 
media and the complex nature of EK and other processes, the modifications to 
consistency limits appear to depend greatly on the effective DDL chemistry and pore 
fluid chemistry at a given time and a given location between the electrodes. 
 
From the shrink swell index (Iss) and free swell index (FSI) tests, it can be concluded that 
both Iss and FSI decrease with the increasing treatment durations and increasing voltage 
gradients. It can also be concluded that for a given soil, the optimal results would be 
achieved under optimal voltage gradients and time durations, at which development of 
system complications would be minimal.  
  
With the application of a direct current across the electrodes, the soil-liquid medium 
undergoes several physicochemical, hydrological and mechanical changes due to 
various complex and inter related electrochemical processes that take place within the 
soil porous media. As a result of these EK processes, ionic concentration in the DDL 
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and the pore solution changes and the micro structural properties of the clay minerals 
get modified. Subsequently, many clay properties including volume change 
characteristics are changed. With the increase of treatment durations and voltage 
gradients, several other system complications develop within the porous media thus 
hindering the EK processes.  
 
The reactivity classifications of soils before and after EK treatment facilitate concluding 
that under certain voltage gradients and treatment durations, soils transform from 
extremely to high reactive status to a slightly or almost non reactive status.  
 
This is another significant finding in this study which highlights the potential of 
transforming extremely to highly reactive sites into less reactive sites with EK 
treatments. This could eventually lead to significant economic benefits in the residential 
slabs and footing construction industry in Australia. However, further investigations both 
in the lab and field are essential for the development of possible practical methods.  
 
The UC and penetration test results show significant increases in soil compressive 
strength between the electrodes including the middle region. In general, with the 
increasing processing time, the strength appears to increase while there is also a 
general trend of increase in strength with the increasing voltage gradients. From the 
stress strain and compressive strength results presented, it is noted that in general, soil 
compressive strength and brittleness increases with the increasing processing time and 
increasing voltage gradients, at various rates.  
 
It can be concluded from the results that with EK processing significant increases in soil 
compressive strength is resulted between the electrodes, except the small regions just 
at the electrodes and very close to electrodes. Under certain voltage gradients and 
processing times, up to 175% and 200% strength increases are observed for soil S1 and 
S2 respectively. In general, stress increases of at least 30% or more are reported for 
both soils under all test conditions. From the stress strain and compressive strength 
results presented, it seem reasonable to conclude that in general, soil compressive 
strength and brittleness increases with the increasing processing time and increasing 
voltage gradients, at various rates. 
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From the test results, it can also be concluded that electroosmotic advection, hydraulic 
advection, natural evaporation and drying, electromigration, flocculation, precipitation of 
amorphous material, ionic diffusion and aging are the contributing processes in the 
modification of soil compressive strength. 
 
Electroosmotic advection is identified as a dominant process leading to modification of 
soil compressive strength and stress strain properties. The continuous dewatering and 
decrease in soil water content as a result of electroosmotic advection yielded significant 
increases in compressive strength. The hydraulic advection together with natural 
evaporation and drying have also contributed to decrease in water content as 
discovered from the results of control tests (Chapter 5.2.2 page 112 and Chapter 7.3.3 
page 227). Significant increases in soil compressive strength and brittleness are 
observed at locations where excessively dry areas are developed due to non uniform 
electroosmotic flow.  
 
The test results also revealed that at some locations between the electrodes, the 
increase in compressive strength is significantly greater than the strength increase that 
would be expected due to corresponding decrease in water content alone.  
 
This confirmed that apart from the obvious effect of electroosmotic dewatering on soil 
strength and stress-strain behaviour, there are other significant electrokinetic/ 
geochemical and dynamic processes that affect these soil physical properties.  
 
Electromigration of charged ions and their interaction with clay minerals is another 
process that can affect the soil strength due to the variations in the DDL ionic 
concentration and subsequent modifications in the soil structure. Similarly, as have been 
discussed previously, the geochemical mechanisms of sorption/ desorption and 
precipitation/dissolution also creates significant alterations to the soil structure, fabric 
and tortuosity. Due to availability of Na ions in high concentrations, the possibility of 
complex and severe flocculation/ dispersion reactions is another significant mechanism 
that contributes to the modification of many physical properties including strength in the 
EK treatment of saline sodic soil.   
 
It is also revealed from the test results that the precipitation of amorphous material such 
as Al2O3, Fe2O3 and SiO2 and CaCo3 at various locations between the electrodes create 
cementation bonding between soil minerals. The sorption/desorption mechanisms and 
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precipitation of amorphous material lead to the development of strong aggregation of 
soil particles and thus an increase in the soil strength.  
 
The small increase in strength after complete termination of EK processes (after 60 
days) is identified as a result of ionic diffusion. During this period, deposition of 
cementation bonds and natural bond growth due to process of aging could also continue 
to occur.  
 
Hydraulic conductivity is another most influential and most affected physical property of 
a clay soil due to electrokinetic phenomena. It is known that the hydraulic conductivity of 
a soil is greatly controlled by the soil structure. With the EK processing of saline - sodic 
soils, as discussed previously, the net effect on soil structure is dependent on the Na 
concentration (and consequent structural changes) as well as the other system 
complications develop in the porous media due to various other EK processes and 
mechanisms such as precipitation of amorphous material, variation of pH, 
concentrations of other cations, ionic diffusion and aging. Changes in bulk and dry 
densities due to electroosmotic consolidation, and shrinkage and possible variations in 
the void ratio and porosity are also considerable factors affecting hydraulic conductivity.  
 
From the experimental results it can be concluded that the changes in the hydraulic 
conductivity reflect the net effect on soil structure at a given time and a given location 
between the electrodes. 
 
The one dimensional consolidation test results showed that under EK processing, soils 
reach 90% consolidation quicker than untreated soil. Similar to the effects on hydraulic 
conductivity, the consolidation test results confirmed that the time to reach 90% 
consolidation is related to the soil structure at a given time and a given location between 
the electrodes. The e-log σ' results also demonstrated a gradual increase in the pre 
consolidation pressures (pc). As described previously, precipitation of amorphous 
material and development of cementation bonding (electrocementation) is identified as 
the possible mechanism that induced higher pre consolidation pressures. 
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Based on these observations, it is concluded that the electrokinetic treatment could 
transform a normally consolidated clay into an over consolidated clay. This is again an 
interesting and significant discovery with regard to potential of EK techniques to improve 
soil physical properties as this confirms that these modifications are irreversible and 
permanent.   
Chapter 8                                                                                                                                                         Conclusions 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 264 
 
(iv) What are the factors affecting overall progression of EK treatment of salt affected 
soils?  
 
The laboratory experimental observations revealed that the factors such as soil physical 
and mineralogical properties, spacing between the electrodes, voltage gradient and 
duration could affect the satisfactory progression of EK processing. 
 
Soil Properties 
 
Out of the two experimental soils used in this study, the soil with higher clay fraction 
resulted a higher electroosmotic flow (due to higher clay fraction leading higher DDL 
osmotic flow), offered higher resistance to changing pH gradient (due to higher buffering 
capacity), resulted lesser distance of fluid flow from anode towards cathode under a 
hydraulic head alone (due to the low hydraulic conductivity), created an excessively dry 
zone closer to the anode itself (due to low permeability of the soil and subsequent slow 
migration of water from anode to cathode) and resulted slightly higher initial currents 
(due to higher clay fraction leading higher DDL ionic reactions).  The higher clay fraction 
also reacted at a higher intensity with the introduction of lime solution from anode and 
showed somewhat higher effects due to clay-lime interaction.  
 
As evidenced from the experimental results of the two soils used in this study and the 
results from similar studies reported in the literature, it can be concluded that soils with 
higher clay content offer a higher response to many of the electrochemical, geochemical 
and dynamic processes.   
 
Depending on the surface charge density and sorption/ desorption capacity of clay 
minerals and their interactions with pore fluid ions,  the rate of ionic migration can be 
significantly influenced. Similarly, the rate of development of electrochemical, 
geochemical and other dynamic processes within the porous media would also depend 
on the mineralogical and physical properties of the soil.  
 
From the experimental evidences it can also be confirmed that the initial water content 
and initial degree of saturation of the soil affect the rate of Na ion transport through 
porous media especially during the early periods of EK processing where both 
electroosmosis and electromigration are active.  
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With a higher initial water content, a higher electroosmotic flow is generated and this 
causes a higher concentration of ions to be desorbed into the pore fluid as well as their 
easy transportation towards the cathode. Similarly, a higher degree of saturation also 
enhances the easy transportation of ionic species through soil pores towards the 
cathode.  
 
These results (as reported in Chapter 6) also help concluding that the soils with higher 
initial water contents, high degree of saturation and low buffering capacity could yield 
the most encouraging conditions for transport of Na ions through soil porous media 
predominantly by electroosmosis advection aided by hydraulic advection and 
electromigration.  
 
Electrode Spacing 
 
Based on the experimental results it is concluded that the spacing between the 
electrodes is an important controlling factor both in terms of rates of specie migration 
and modification of soil physical properties.  
 
It can further conclude that the spacing between electrodes combined with the soil 
physical properties has the potential to define the location where the greatest suction 
pressures would develop. This is a significant finding and can be used in developing 
practical methods for EK treatment depending on the objective of the treatment.  
 
Voltage and Duration 
 
With the increase of voltage gradient, there is an initial increase in the rate of ion 
migration, as is clearly observed for Na ions. This initial increase is attributed to the 
increase in both electroosmotic and electromigration rates which are linearly 
proportional to the applied electrical gradient. However, further increases of voltage 
gradients beyond this optimal does not increase the rate of ion migration proportionately. 
This is due to the higher rate of development of several other system complications in 
the porous media such as formation of non conductive regions leading to settlements, 
consolidation and shrinkage etc., premature precipitation of species at various locations 
between electrodes, other EK processes such as electrophoresis (movement of charged 
particles and colloids under an electric field) with the increasing voltage gradients.  
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With the increase of processing time, the electrokinetic processes across the soil are 
controlled by the ionic redistribution complications develop within the soil. These 
complications are mainly due to the coupled CHE gradients developed under varying 
electrical potentials and their consequent counter effects on the rate of species 
migration through porous media, the development of the pH gradient and the 
advancement of acid and alkali fronts across the specimen at various rates, chemical 
reactions between migrating ions and adsorption/desorption of ions in the DDL and 
other geochemical reactions. 
 
It is concluded that for a given soil, under a given processing period, the amount of Na 
ion transported gradually increases with the increase in the voltage gradient up to an 
optimal. Beyond this optimal voltage gradient, the rate of ion transport decreases with a 
further increase in the voltage gradient. 
 
It can also be concluded that the combined effect of voltage gradient and processing 
time on rate of ion transport is quite complex. However, it is revealed that in general, 
there is an optimal state at which maximum benefits (in terms of Na ion removal) are 
achieved, depending on the net effects of the system complications develop in the 
porous media under varying voltage gradients and processing times.   
 
By analysing strength and stress-strain characteristics, it can be concluded that in 
general, with the increasing processing time, the strength gradually increases while 
there is also a general trend of increase in strength with the increasing voltage 
gradients. Soil gradually becomes more brittle with the increase in EK processing time 
and voltage gradient.  
 
Effect of Anode Enhancement  
 
With the supply of anode enhancement liquids (water and saturated lime solution) to soil 
sample, via external reservoirs, the soil is subjected to an externally applied small 
hydraulic head. Under this small hydraulic head alone, it is observed that the fluid has 
travelled a small distance from anode towards cathode without any influence of electrical 
gradient.  
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Based on this observation it can be concluded that in practical situations, the application 
of an external hydraulic head can be beneficial in enhancing fluid flow from anode 
towards cathode although the effectiveness is dependent on soil characteristics, pore 
fluid chemistry and other environmental/ climatic factors. 
 
With the introduction of lime solution as an anode enhancement liquid to a salt affected 
soil, although the trends of electrokinetic processes were generally similar, some 
important divergences were also observed. This may be due to several short-term and 
long term clay-lime interactions and chemical reactions take place under the influence of 
EK processes thus contributing to the modification of soil chemo-mechanical properties. 
 
The test results show that more Na ions desorbed from the clay surface as a result of 
competitive adsorption of Ca ions (introduced with lime solution) onto increasing cation 
exchange sites on clay surface. As observed from test results, this ion exchange 
together with the resulting agglomeration-flocculation reactions suppressed the 
thickness of the diffused double layer and enhanced soil dewatering and contributed to 
the reduction in the soil dispersion and soil sodicity. As a result, the soil plasticity 
decreased as reflected by the declined PI values. These modifications (i.e. decrease in 
soil plasticity and improved soil workability) are generally the major benefits in lime 
stabilisation. The agglomeration-flocculation reactions and the subsequent pozzolanic 
reactions would have contributed to the increased formation of cementing bonds and 
cementing compounds within the pore space and soil particles.  
 
Based on these findings it is concluded that with lime introduction, the soil compressive 
strength increases significantly (more than 300% at some locations between electrodes 
in this experimental series) which is assumed to be a direct consequence of increased 
cementation affect due to agglomeration-flocculation reactions and the subsequent 
pozzolanic reactions with lime introduction. However, further investigations are required 
to confirm this assumption. 
 
From these observations it can be concluded that once appropriate practical methods 
are developed, EK treatment with lime introduction has the potential to increase the soil 
compressive strength significantly and enhance soil workability quite effectively and 
efficiently. Moreover, with EK techniques, effectiveness and efficiency of lime 
stabilisation can also be enhanced with the additional advantage of the possibility of 
overcoming the time and depth constraints in manual mixing.  
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Synthesis 
 
The most notable outcomes of this investigation that could contribute to the existing 
knowledge of EK processes in the soil in general and the treatment of Australian saline-
sodic soils in particular are as follows. 
 
With EK treatment,  
 
• the sodicity of salt affected soils can be reduced significantly, leading to 
reclassification of the soils from extreme sodicity to very low to negligible 
sodicity. 
 
• soils transform from extremely to highly reactive status to a slightly or almost non 
reactive status.  
 
• soil compressive strength increases significantly (up to 200% for the soils used in 
this study) under the combined effect of electroosmotic advection, hydraulic 
advection, electromigration, natural evaporation and drying, flocculation, 
precipitation of amorphous material, ionic diffusion and aging. 
 
• the spacing between the electrodes and the hydraulic conductivity of the soil are 
the dominant controlling factors that affect the progression of EK processes and 
hence the most important factors to be considered in developing and designing 
practical methods for EK treatment.  
 
• the optimal results both in terms of species transportation and modification of  
soil physical properties are achieved under optimal voltage gradients and time 
durations, that depend on the characteristics of the soil porous media.  
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Recommendations for Further Work  
 
The review of these experimental data and the reported pilot scale field studies in the 
literature indicates the potential for large-scale field applications of the EK technique  
either to in situ remediate contaminated land or to modify mechanical properties of the 
soil, or both, possibly without any limitation on the size or depth of the site to be treated. 
From the results, it is evident that for a given soil, the optimal outcomes would be 
achieved under identified optimal voltage gradients and time durations, at which 
development of system complications would be minimal. The selection of appropriate 
voltage gradients and subsequent estimation of required durations of treatment, soil 
conditioning/enhancement materials and techniques are dependent on many factors that 
include objective of the treatment, the type and the characteristics of the soil to be 
treated, pore fluid composition, required degree of treatment, environmental and climatic 
conditions and the potential end use of the treated soil.  
 
The results highlight the need for the development of appropriate practical methods for 
the satisfactory progression of electrokinetic soil treatment to the required duration by 
minimising the development of system complications. In view of this, techniques have to 
be developed to monitor and control the extreme pH conditions developed at the 
electrodes, as these extreme pH conditions may become an issue depending on the 
expected end use of the treated soil. This study showed that with the introduction of lime 
solution from anode, there is a potential to decrease the extreme acidity at the anode 
and this can be appropriately developed as a method to manage/ neutralise anode pH, 
without compromising the advantage of high acidic environment in EK processes. 
Conquering or managing the development of non conductive regions as a result of soil 
drying is another important factor that needs careful consideration in developing 
appropriate practical methods and guidelines for full scale implementation of the 
process.  
 
It is obvious that other complications may arise in large scale field applications due to 
environmental effects/variables and other site specific conditions that are not possible to 
be considered in the laboratory experiments. Similarly, issues such as size or depth of 
the site to be treated, possible effects on adjoining properties, configuration, spacing 
and the type of the electrodes etc can also be significant considerations in full scale 
implementation of the process. 
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From the findings of this study, it becomes apparent that further research in terms of 
detailed chemical analysis would also be valuable in clearly identifying the EK processes 
in salt affected soils and possible validation or improvement of existing models of the 
electrokinetic processes. There is even a greater potential for new models to be 
developed to predict the modification of soil chemo-mechanical properties, which would 
be of great assistance in infrastructure management and development applications.  
 
 
 
 
 
 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 271 
 
REFERENCES 
 
AS 1289.3.1.1-1995 – Methods of testing soils for engineering purposes: Determination 
of the liquid limit of a soil – Four point Casagrande Method, Australian Standards.  
AS 1289.3.2.1-1995 – Methods of testing soils for engineering purposes: Determination 
of the plastic limit of a soil – Standard Method, Australian Standards.  
AS 1289.7.1.1.-1998 – Methods of testing soils for engineering purposes: Determination 
of the shrinkage index of a soil – Shrink – swell index, Australian Standards.  
AS 1289.6.7.2-1999 – Methods of testing soils for engineering purposes: Determination 
of permeability of a soil – Falling head method for a remoulded specimen, 
Australian Standards.  
AS 1289.6.6.1-1998 - Methods of testing soils for engineering purposes: Determination 
of the one-dimensional consolidation properties of a soil – Standard method, 
Australian Standards.  
AS 2870 – 1996. Residential slabs and footings - Construction, Australian Standards. 
Abdullah, W. S., and Al-Abadi, A. M. (2005) "Implementation of the electrokinetic 
processes as an effective method for soil improvement." International conference 
on Problematic soils GEOPROB 2005,  Famagusta, N. Cyprus,  885-894. 
Acar, Y. B. (1992). "Electrokinetic soil processing (a review of the state of the art)." 
Geotechnical Special Publication, ASCE, 30 (2), 1420-1432. 
Acar, Y. B., and Alshawabkeh, A. N. (1993). "Principles of electrokinetic remediation." 
Environmental Sci. Technol., 27 (13), 2638-2647. 
Acar, Y. B., and Alshawabkeh, A. N. (1996). "Electrokinetic remediation. I. Pilot-scale 
tests with lead spiked kaolinite." Journal of Geotechnical engineering division, 
ASCE, 122 (3), 173-185. 
Acar, Y. B., Alshawabkeh, A. N., and Gale, R. J. (1993). "Fundamentals of extracting 
species from soils by electrokinetics." Waste Management, 13, 141-151. 
Acar, Y. B., Gale, R. J., Putnam, G. A., Hamed, J., and Wong, R. L. (1990). 
"Electrochemical processing of soils: Theory of ph gradient development by 
diffusion and linear convection." J. Env. Sci. and Health, 25 (6), 687-714. 
Acar, Y. B., Hamed, J. T., Alshawabkeh, A. N., and Gale, R. J. (1994). "Removal of 
cadmium (ii) from saturated kaolinite by the application of electrical current." 
Geotechnique, 44 (2), 239-254. 
Akhter, J. (2003). "Effects on some physico- chemical and mineralogical characteristic of 
salt-affected soil by growing kallar grass using saline water," PhD Thesis, 
University of the Punjab, Punjab. 
Akhter, J., Murray, R., Mahmood, K., Malik, K. A., and Ahmed, S. (2003). "Improvement 
of degraded physical properties of a saline-sodic soil by reclamation with kallar 
grass (leptochloa fusca)." Plant and Soil, 0 (1-10). 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 272 
 
Alshawabkeh, A. N. (2001). "Basics and application of electrokinetic remediation. 
Handouts prepared for a short course." Federal University of Rio de Janeiro, Rio 
de Janeiro. 
Alshawabkeh, A. N., and Acar, Y. B. (1992). "Removal of contaminants from soils by 
electrokinetics: A theoretical treatise." J. Env. Sci. and Health, A27 (7), 1835-1861. 
Alshawabkeh, A. N., Yeung, A. T., and Bricka, R. M. (1999). "Practical aspects of in-situ 
electrokinetic extraction." Journal of Environmental Engineering, 125, 27-35. 
Banerjee, S., and Mitchell, J. K. (1980). "In-situ volume change properties by electro-
osmosis theory." Journal of geotechnical engineering division, ASCE, 106 (4), 347-
365. 
Benson, C. H., Zhai, H., and Wang, X. (1994). "Estimating hydraulic conductivity of 
compacted clay liners." Journal of geotechnical engineering, ASCE, 120 (2), 366-
385. 
Bergado, D. T., Balasubramaniam, A. S., Patawaran, M. A. B., and Kwunpreuk, W. 
(2000). "Electro-osmotic consolidation of soft Bangkok clay with fabricated vertical 
drains." Ground Improvement, 4, 153-163. 
Bjerrum, L., Moum, J., and Eide, O. (1980). "Application of electroosmosis on a 
foundation problem in a Norwegian quick clay." Geotechnique, 17 (3), 214-235. 
Blackwell, P. S., Jayawardane, N. S., Green, T. W., Wood, J. T., Blackwell, J., and 
Beatty, H. J. (1991). "Subsoil macropore space of a transitional red-brown earth 
after either deep tillage, gypsum or both. II. Chemical effects and long-term 
changes." Aust. J. Soil Res, 29, 141-154. 
Bo-Ming, Y., and Jian-Hua, L. (2004). "A geometry model for tortuosity of flow path in 
porous media." Chinese Phys. Lett, 21, 1569-1571. 
Bresler, E., McNeal, B. L., and Carter, D. L. (1982). Saline and sodic soils, Principles, 
dynamics and modeling. Springer- Verlag, Berlin, New York. 
Bruell, C. J., Segall, B. A., and Walsh, M. T. (1992). "Electroosmotic removal of gasoline 
hydrocarbons and tce from clay." j. envir. engrg., ASCE, 118 (1), 68-83. 
Butterfield, R., and Johnston, I. W. (1980). "The influence of electro-osmosis on metallic 
piles in clay." Geotechnique, 30 (1), 17-38. 
Cameron, D. A. (1989). "Tests for reactivity and prediction of ground movement " Civil 
Engineering Transactions, The Institution of Engineers, Australia 121-131. 
Casagrande, L. (1951). "Electro-osmotic stabilization of soils." Transactions of Boston 
Society of Civil Engineers, 51-83. 
Chappell, B. A., and Burton, P. L. (1975). "Electro-osmosis applied to unstable 
embankment." Journal of the geotechnical engineering division, ASCE, 733-739. 
Chappell, B. A., and Croggon, R. (1997) "Demonstration of rock joint reinforcement." 
The AusIMM Annual Conference, Ballarat, Victoria, Australia,  103-109. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 273 
 
Chappell, B. A., and Huggins, G. (1997) "Strength properties of slimes due to 
dewatering and electro-grouting." Geoenvironment '97, Environmental 
Geotechnics,  507-412. 
Chappell, B. A., and Huggins, G. (1998) "Effect of backfill strength and stiffness on slope 
stability." AusIMM'98 - The Mining Cycle,  Mount Isa, Australia,  213-217. 
Charman, P. E. V., and Murphy, B. W. (2000). Soils, their properties and management, 
Oxford University Press. 
Chartres, C. J. (1993). "Sodic soils: An introduction to their formation and distribution in 
Australia." Aust. J. Soil Res, 31, 751-760. 
Chen, Y., and Banin, A. (1975). "Scanning electron microscope (SEM) observations of 
soil structure changes induced by sodium-calcium exchange in relation to hydraulic 
conductivity." Soil Science, 120 (6), 428-436. 
Chongbin, Z., Hobbs, B. E., and Muhlhaus, H. B. (1999). "Finite element modelling of 
reactive mass transport problems in fluid saturated porous media." Communication 
in numerical methods in engineering, 15, 501-513. 
Chou, S., Cheng, M., and Yen, S. (2004). "The enhanced removal of cadmium and lead 
from contaminated soils and the ph effect by electrochemical treatment." J. Env. 
Sci. and Health, A39 (5), 1213-1232. 
Craig, B. (1997). "Reinforcing geosynthetics." Ground Engineering, 32-33. 
Dakshanamanthy, V., and Raman, V. (1973). "A simple method of identifying an 
expansive soil." Soils and foundations, Japanese society of soil mechanics and 
foundation engineering, 13 (1), 97-104. 
DLWC. (2002). "Indicators of urban salinity." Department of Land and Water 
Conversation, Sydney, NSW, Australia. 
DNRE. (2002). "The state of water." Department of Natural Resources and Environment, 
The State of Victoria, Australia. 
Ewers, B., Smith, D., and Fityus, S. (2002) "Electro-osmotic testing of Ballina clay." 
International Conference on Environmental Geomechanics, Monte Verita, 
Switzerland, 295-301. 
Eykholt, G. R., and Daniel, D. E. (1994). "Impact of system chemistry on electroosmosis 
in contaminated soil." Journal of geotechnical engineering division, ASCE, 120, 
797-814. 
Frenkel, H., Goertzen, J. O., and Rhoades, J. D. (1978). "Effects of clay type and 
content, exchangeable sodium percentage, and electrolyte concentration on clay 
dispersion and soil hydraulic conductivity." Soil Science society of America journal, 
42, 32-39. 
Gafni, A., and Zohar, Y. (2001). "Sodicity, conventional drainage and bio-drainage in 
Israel." Aust. J. Soil Res, 39, 1269-1278. 
Geo-Enviro. (2001). "Salinity close to home - urban salinity and its remediation." Geo-
Enviro (Aust) Pty Ltd, NSW, Australia. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 274 
 
Golait, Y. S., and Kishore, M. P. (1990). "A new approach for free swell index and 
evaluation of swelling potential for construction sites." Indian Geot. Jl., 485-489. 
Gray, D. H. (1970). "Electrochemical hardening of clay soils." Geotechnique, 20 (1), 81-
93. 
Hamed, J. T., Acar, Y. B., and Gale, R. J. (1991). "Pb(II) removal from kaolinite by 
electrokinetics." Journal of Geotechnical engineering division, ASCE, 117 (2), 241-
271. 
Hansen, H. K., Ottosen, L. M., Kliem, B. K., and Villumsen, A. (1997). "Electrodialytic 
remediation of soils polluted with Cu, Cr, Hg, Pb and Zn." J. Chem. Tech. 
Biotechnol., 70, 67-73. 
Hettiaratchi, J. P. A. (1988). "A procedure for evaluating municipal solid waste leachate 
components capable of causing volume shrinkage in compacted clay soils." 
Environmental Technology Letters, 9, 23-34. 
Hulugalle, N. R., and Finlay, L. A. (2003). "EC1:5/exchangeable Na, a sodicity index for 
cotton farming systems in irrigated and rainfed vertosols." Aust. J. Soil Res, 41, 
761-769. 
Jayasekera, S. (2004). "Electroosmotic and hydraulic flow rates through kaolinite and 
bentonite clays." Australian Geomechanics, 39 (2), 79-86. 
Jayasekera, S., and Hall, S. (2005) "Lime enhanced electrokinetic treatments to modify 
the properties of a saline-sodic soil." International Conference on problematic soils 
: GEOPROB 2005,  Famagusta, N. Cyprus,  913-923. 
Jayasekera, S., Mewett, J., and Hall, S. (2004). "Effects of electrokinetic treatments on 
the properties of a salt affected soil." Australian Geomechanics, 39 (4), 33-46. 
Jayasekera, S., and Mohajerani, A. (2001). "A study of effects of municipal landfill 
leachate on a basaltic clay soil  " Australian Geomechanics, 36 (4), 63-73. 
Jayawardane, N. S., Biswas, T. S., and Cook, F. J. (2001). "Management of salinity and 
sodicity in a land filter system, for treating saline wastewater on a saline-sodic 
soil." Aust. J. Soil Res, 39, 1247-1258. 
Johnston, I. W. (1977) "Soil drainage by electro-osmosis." International commission on 
irrigation and drainage (ICID), Tenth Congress, New Delhi. 
Johnston, I. W., and Butterfield, R. (1977). "A laboratory investigation of soil 
consolidation by electro-osmosis." Australian Geomechanics, 21-32. 
Kennedy, T. W., Smith, R. J., Holmgreen, R. J., and Tahmoressi, M. (1987). "An 
evaluation of lime and cement stabilisation." Transportation research record 1110, 
TRB. 
Kim, R. H. (1998). "Electrokinetics and bioremediation: The merging of two 
technologies." School of Engineering, Purdue University, West Lafayette, Indiana. 
Kim, S. O., Moon, S. H., and Kim, K. W. (2001). "Removal of heavy metals from soils 
using enhanced electrokinetic soil processing." Water, Air and Soil Pollution, 125, 
259-272. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 275 
 
Lageman, R. (1993). "Electroreclamation: Application in the Netherlands." Environ. Sci. 
Technol., 27 (13), 2648-2650. 
Lageman, R., Pool, W., and Seffinga, G. A. (1990) "Electroreclamation: State of the art 
and future developments." Contaminated soil' 90,  1071-1078. 
Lamb, T. W., and Whitman, R. V. (1979). Soil mechanics, John Wiley & Sons, New 
York. 
Lo, K. Y., and Hinchberger, S. D. (2006) "Stability analysis accounting for macroscopic 
and microscopic structures in clays." Fourth International Conference on Soft Soil 
Engineering, Vancouver, Canada,  3-34. 
Lo, K. Y., Micic, S., Shang, J. Q., Lee, Y. N., and Lee, S. W. (2000). "Electrokinetic 
strengthening of a soft marine sediment." International journal of offshore and polar 
engineering, 10 (2). 
Lockhart, N. C. (1981). "Electrical conductivity and the surface characteristics of 
kaolinite clays and clay-humic acid complexes." Clays and clay minerals, 29 (6), 
423-428. 
Lockhart, N. C. (1983a). "Electroosmitic dewatering of clays. I. Influence of voltage." 
Colloids and surfaces, 6, 239-251. 
Lockhart, N. C. (1983b). "Electroosmotic dewatering of fine tailings from mineral 
processing." International journal of mineral processing, 10, 131-140. 
LWRRDC. (2005). "Land and water." Land and Water Resources Research and 
Development Corporation, Australian Government. 
McNeal, B. L. (1968). "Prediction of the effect of mixed-salt solutions on soil hydraulic 
conductivity." Soil Science society of America journal, 32, 190-193. 
McRobert, J., Houghton, N., and Styles, E. (2003). "Salinity impact and roads-towards a 
dialogue between climate change and groundwater modellers." Road and 
Transport Research, 12 (3), 45-60. 
Mewett, J. (2005). "Electrokinetic remediation of arsenic contaminated soils," Masters 
Thesis, University of Ballarat, Ballarat. 
Micic, S., Shang, J. Q., and Lo, K. Y. (2002). "Electrokinetic strengthening of marine clay 
adjacent to offshore foundations." International journal of offshore and polar 
engineering, 12 (1). 
Mitchell, J., and Madsen, F. (1987) "Chemical effects on clay hydraulic conductivity." 
Geotechnical Practice for Waste Disposal’ 87, Geotechnical Special Publication, 
No.13, ASCE,  87-116. 
Mitchell, J. K., and Wan, T. Y. (1977) "Electro-osmotic consolidation - its effects on soft 
soils." IX ICSMFE,  Tokyo, Japan,  219-224. 
Mitsuya, S., Yamane, K., Kawasaki, M., Taniguch, M., and Miyake, H. (2005). "Light 
dependency of salinity-induced chloroplast damages." Proceedings of the 4th 
International Crop Science Congress, Brisbane, Australia. 
 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 276 
 
Moldrup, P., Olesen, T., Komatsu, T., Schjonning, P., and Rolston, D. E. (2001). 
"Tortuosity, diffusivity and permeability in the soil liquid and gaseous phases." Soil 
Science society of America journal, 65, 613-623. 
NAPSW. (2000). "Salinity: Together, let's give our land a hand." National Action Plan for 
Salinity and Water, Australian Government. 
NCCNSW. (2004). "Sustainable agriculture - sodic soils." Nature Conservation Council 
of New South Wales, New South Wales, Australia. 
NLWRA. (2000). National land and water resource audit, Australian Government. 
NLWRA. (2007). "Land salinity." National Land and water resource audit, Australian 
Government. 
Oelkers, E. H. (1996). "Physical and chemical properties of rocks and fluids for chemical 
mass transport calculations." Reactive transport in porous media, P. C. Lichtner, C. 
I. Steefel, and E. H. Oelkers, eds., Mineralogical Society of America, 131-191. 
Ohshima, H. (1995). "Effective surface potential and double layer interaction of colloidal 
particles." Journal of colloid and interface science, 174, 45-52. 
Oster, J. D., and Shainberg, I. (2001). "Soil responses to sodicity and salinity: 
Challenges and opportunities." Aust. J. Soil Res, 39, 1219-1224. 
Oweis, I. S., and Khera, R. P. (1998). Geotechnology of waste management, PWS 
Publishing, Boston, USA. 
Pamukcu, S. (1997). "Electrochemical technologies for in-situ restoration of 
contaminated subsurface soils." electronic journal of geotech. eng., 1-34.          
URL http://www.ejge.com 
Pamukcu, S., Weeks, A., and Wittle, J. K. (1997). "Electrochemical extraction and 
stabilization of selected inorganic species in porous media." Journal of hazardous 
materials, 305-318. 
Pamukcu, S., and Wittle, J. K. (1992). "Electrokinetic removal of selected heavy metals 
from soil." Environmental Progress, 11 (3), 241-250. 
Patterson, R. A. (1996) "Demonstration of effects of sodicity on soil hydraulic 
conductivity." Innovative approaches to the on-site management of waste and 
water,  Lismore, Australia. 
Pearson, K. E. (2003). "The basics of salinity and sodicity effects on soil physical 
properties. Information Highlight for the General Public". Available at 
http://waterquality.montana.edu. 
Pierzynski, G. M., Sims, J. T., and Vance, G. F. (1994). Soils and the environmental 
quality, Lewis Publishers. 
PMSEIC. (1998). "Australian involvement in international science facilities." Prime 
Minister’s Science, Engineering and Innovation Council, Australia. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 277 
 
Ravera, M., Ciccarelli, C., Gastalbi, D., Rinaudo, C., Castelli, C., and Osella, D. (2006). 
"An experiment in the electrokinetic removal of copper from soil contaminated by 
the brass industry." Chemosphere, 63, 950-955. 
Reddy, K. R., and Saichek, R. E. (2004). "Enhanced electrokinetic removal of 
phenanthrene from clay soil by periodic electric potential application." J. Env. Sci. 
and Health, A39 (5), 1189-1212. 
Reddy, K. R., and Shirani, A. B. (1997). "Electrokinetic remediation of metal 
contaminated glacial tills." Geotechnical and geological engineering, 15, 3-29. 
Reddy, K. R., Xu, C. Y., and Chinthamreddy, S. (2001). "Assessment of electrokinetic 
removal of heavy metals from soils by sequential extraction analysis." Journal of 
hazardous materials, 279-296. 
Rengasamy, P. (2006). "World salinisation with emphasis on Australia." Journal of 
experimental botany (Salinity special issue), 1-7. 
Rengasamy, P. (not known). "National audits of soil sodicity." National land and water 
resources audit, Australia. 
Rengasamy, P., and Bourne, J. (undated). "Managing sodic, acidic and saline soils." 
Cooperative research centre for soil and land management, Australian 
Government. 
Rengasamy, P., Chittleborough, D., and Helyar, K. (2003). "Root zone constraints and 
plant-based solutions for dryland salinity." Plant and Soil, 257, 249-260. 
Rengasamy, P., and Olsson, K. A. (1991). "Sodicity and soil structure." Aust. J. Soil 
Res, 29, 935-952. 
Rengasamy, P., and Waters, L. (1994). "Introduction to soil sodicity." CRC Technical 
note, Department of primary industries, Victoria, Australia. 
Rhoades, J. D., Manteghi, N. A., Lesch, S. M., and Slovacek, D. C. (1997). "Determining 
soil water sodicity from electrode measurements." Commun.soil sci. plant anal., 
28, 1737-1765. 
Rivett, M. O., Petts, J., Butler, B., and Martin, I. (2002). "Remediation of contaminated 
land and groundwater: Experience in England and Wales." Journal of 
Environmental Management, 65, 251-268. 
Rodsand, T., Acar, Y. B., and Breedveld, G. (1995) "Electrokinetic extraction of lead 
from spiked Norwegian marine clay." Characterisation, containment, remediation 
and performance in environmental geotechnics, Geoenvironment 2000. Geotech. 
Special. Publ. No 46, ASCE, New York, 1518 - 1534. 
Rogers, C. D. F., Liaki, C., and Boardman, D. I. (2003) "Advances in the engineering of 
lime stabilised clay soils." International conference on problematic soils,  
Nottingham, UK. 
Rycroft, D. W., Kyei-Baffour, N., and Tanton, T. (2002). "The effect of sodicity on the 
strength of a soil surface." Irrigation and drainage, 51, 339-346. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 278 
 
Sadek, M. S. (1993). "A comparative study of the electrical and hydraulic conductivities 
of compacted clay," PhD Thesis, University of California, Berkeley. 
Sadrekarimi, J. (2005) "Effects of ph and duration on the electro-osmotic treatment of 
dispersive soils." International conference on Problematic soils GEOPROB 2005,  
Famagusta, N. Cyprus,  785-792. 
Sadrekarimi, J., and Sadrekarimi, A. (2003) "Voltage and duration effects of 
electroosmotic treatment of dispersive soils." An international conference on 
problematic soils,  Nottingham, United Kingdom,  453-457. 
Salem, H. S., and Chilingarian, G. V. (2000). "Physical and mathematical aspects of 
tortuosity in regard to the fluid flow and electric current conduction in porous 
media: Example of the Hibernia and terra nova reservoirs, off the eastern coast of 
Canada." Energy Sources, 22 (2), 137-149. 
Salt Force. (1998). "Salt action : Joint action, Victoria’s strategy for managing land and 
water salinity." Government of Victoria, Australia. 
Saripalli, K. P., Khaleel, R., Serne, J., Lindberg, M., and Parker, K. (2003). "Tortuosity of 
immiscible fluids in porous media based on phase interfacial areas: A new 
definition and its application to Hanford’s unsaturated media." Geological Society 
of America, Abstracts with Programs, 35 (6), 482. 
Saripalli, K. P., Serne, R. J., Meyer, P. D., and McGrail, B. P. (2002). "Prediction of 
diffusion coefficient in porous media using tortuosity factors based on interfacial 
areas." Ground Water, 40 (4), 346-352. 
Sarre, A. (2001). "Sodicity - a dirty word in Australia." Australian Academy of Science. 
URL http://www.science.org.au/nova/035/035print.htm 
SCARM. (2000). Standing Committee on Agriculture and Resource Management, 
CSIRO. 
Seddon, K. D. (1991). "Reactive soils." Engineering geology of Melbourne, Peck, 
Nelson, Olds, and Seddon, eds., Balkema, Rotterdam, 33-37. 
Seed, H. B., Woodward, R. J., and Lundgren, R. (1962). "Prediction of swelling potential 
for compacted clays " Journal of the Soil Mechanics and Foundation Division, 
ASCE, 53-87. 
Shackelford, C. D., and Daniel, D. E. (1991). "Diffusion in saturated soil (i): 
Background." Journal of geotechnical engineering, ASCE, 117 (3), 467-484. 
Shapiro, A. P., and Probstein, R. F. (1993). "Removal of contaminants from saturated 
clay by electroosmosis." Environ. Sci. Technol., 27, 283-291. 
Shariatmadari, N., Garga, V. K., and Falamaki, A. (2001) "Phenol removal from 
contaminated clay by electrokinetics." GeoEnvironment 2001,  New Castle, NSW, 
Australia,  501-506. 
Sherwood, P. (1993). Soil stabilisation with cement and lime, state of the art review, 
Longman publishers, London. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 279 
 
Slavich, P. G., and Petterson, G. H. (1993). "Estimating the electrical conductivity of 
saturated paste extracts from 1:5 soil: Water suspensions and texture." Aust. J. 
Soil Res, 31, 73-81. 
Sridharan, A. (2005) "On swelling behaviour of clays." International Conference on 
problematic soils : GEOPROB 2005,  Famagusta, N. Cyprus,  499-516. 
Sridharan, A., Rao, S. M., and Murthy, N. S. (1985). "Free swell index of soils: A need 
for redefinition." Indian Geot. Jl., 15 (2), 94-99. 
Steefel, C. I., and MacQuarrie, K. T. B. (1996). "Approaches to modeling of reactive 
transport in porous media." Reactive transport through porous media, P. C. 
Lichtner, C. I. Steefel, and E. H. Oelkers, eds., Mineralogical Society of America, 
83-129. 
Suarez, D. L. (2001). "Sodic soil reclamation: Modelling and field study." Aust. J. Soil 
Res, 39, 1225-1246. 
Terzaghi, K., Peck, R. B., and Mesri, G. (1996). Soil mechanics in engineering practice, 
John Willey & Sons. 
Terzhagi, K., and Peck, R. B. (1967). Soil mechanics in engineering practice, Wiley, 
New York. 
Ugaz, A., Puppala, S., Gale, R. J., and Acar, Y. B. (1994). "Electrokinetic soil 
processing: Complicating features of electrokinetic remediation of soils and 
slurries: Saturation effects and the role of the cathode electrolysis." Chem. Eng. 
Comm., 129, 183-200. 
van der Merwe, D. H. (1964). "The prediction of heave from plasticity index and 
percentage clay fraction of soils." Civil Engineer in South Africa, 6 (6), 227-234. 
Vorobieff, G., Wallis, M., and Murphy, G. (2001). "Maintaining the road infrastructure in 
saline prone areas." Institute of public works engineering, Australia. 
West, L. J., and Stewart, D. I. (1995) "Effect of zeta potential on soil electrokinetics." 
Characterisation, containment, remediation and performance in environmental 
geotechnics, Geoenvironment 2000. Geotech. Special. Publ. No 46, ASCE, New 
York, 1535-1549. 
Wilson, D. J., and Clarke, A. N. (1994). "Hazardous waste site soil remediation : Theory 
and application of innovative technologies." Marcel Dekker Inc, New York. 
Wilson, S. M. (2003). "Understanding and preventing impacts of salinity on infrastructure 
in rural and urban landscapes." Wilson land management services Pty ltd.         
URL http://www.southburnett.com.au/pdfs/salinitynov2003.pdf 
Yeung, A. T., Chung, M., Corapcioglu, M. Y., and Stallard, W. M. (1995) "One 
dimensional experimental studies on electrophoresis of clay." Characterisation, 
containment, remediation and performance in environmental geotechnics, 
Geoenvironment 2000. Geotech. Special. Publ. No 46, ASCE, New York, 1564-
1575. 
Yeung, A. T., and Dalta, S. (1995). "Fundamental formulation of electrokinetic extraction 
of contaminants from soil." Can. Geotech. J., 32, 569-583. 
                                                                                                                                                                           References 
 
 
Samudra Jayasekera                                                     PhD Thesis                                                                    Page 280 
 
Yeung, A. T., and Dalta, S. (1996). "Fundamental formulation of electrokinetic extraction 
of contaminants from soil: Reply." Can. Geotech. J., 33, 682-684.              
 
 Appendix 1 
 
Photos illustrating experimental set up   
and some visual observations during testing 
 
 
 
 
Laboratory experimental setup 
 
Test 
Tank 
Reservoirs containing 
enhancement liquid 
  
Closer view of cathode electrodes (during early period of EK processing)  
(Note the start of the development of dry region) 
 
 
Accumulation of material around cathode region (after about 7 – 15 days of EK 
processing) (Note the progression of dry region) 
 
Start of dry 
region 
development 
  
Further progression of dry region with increasing EK processing time 
 
 
Development of cracks, generally between differing moisture regions  
(differing moisture regions as can be identified by soil colour variation)  
 
 



















































































